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Preface

This thesis is the result of a suggestion by Dr.

Corrado R. Poli, of the Department of Aeronaut.Z'al Engineer-

ing at AFIT, for a study on gravity-assisted solar probe

trajectories. The need for this investigation was estab-

lished at the NASA-Stanford University Summer Training Pro-

gram in Systems Engineering which he attended in the summer

of 1966. Results of this program, a systems analysis c2 a

solar probe mission, are reported in the ICARVS design study

(Ref 12).

The thesis is written on a level which should provide

no difficulty to a reader who has completed a first course

in astrodynamics. The method developed for gravity-assisted

trajectories is useful in feasibility studies, and can be

applied to any ballistic flyby mission. Gravity assist has

been found to be useful (Ref 17) in many types of missions

such as: deep-space probes, trips to the outer planets,

grand tours or trajectories which pass several planets on a

single flight, and out-of-ecliptic trajectories. If the

reader finds an interest in this area, I can suggest two

thesis topics which would supplement this workt 1) applica-

tion of the gravity-assist equations to continuous-thrust
* .

missions and 2) a linear error analysis of gravity-assisted

trajectories.

A discussion on computer programming is included with

each mission study in the thesis, and the programs with
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sample output are given in Appendix E. These sections are

provided for the reader who may wish to continue the Btudy,

and if des'-red, may be skipped with no discontinuity in the

subject material.

I wish to express my appreciation to Dr. Poli for his

suggestions and continued interest in my work, and to the

computational staff at Building 57, Wright-Patterson Air

Force Base, for their assistance in programming the equations.

Finally, I thank my wife for the intangible contributions she

has made to this study, and for the typing of the manuscript.

Kenneth A. Myers

I
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Abstract

An investigation of direct-transfer trajectories for

solar probe missions indicates that expensive launch vehi-

cles such as the $125-million Saturn V are required to

achieve perihelia less than 0.25 AU and inclination angles

above 200. Methods are developed for two- and three-dimen-

sional gravity-assisted trajectories (trajectories which

pass through one or more planetary gravitational fields),

and are applied to solar probe missions in an attempt to re-

duce launch vehicle costs. The analysis is based on the

pieced-conic approximation and the assumption of circular

coplanar planetary orbits. It is found that a perihelion of

0.16 AU can be obtained with the $16-million Atlas/Centaur/

TE-364-3 by using a Venus assist. Even greater reductions

in perihelia are attained with multiple passes at Venus; in

addition, these missions allow the exploration of several

regions near the Sun with a single launch. Venus-Mercury

combination-assisted trajectories are of little value in

solar probe missions. A Venus assist is useful for 100-out-

of-ecliptic trajectories when the pre-assist orbit lies in

the ecliptic. For a pre-assist orbit out of the ecliptic,

an inclination angle of 250 and a perihelion of 0.53 AU can

be achieved with the Atlas/Centaur/TE-364-3 launch vehicle.

Solar impact and 90 0-out-of-ecliptic trajectories can be

attained with a Jupiter assist; however, traversal of the

asteroid belt and a three-year mission time decreases space-

craft reliability.

xv
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GRAVITY-ASSISTED TRAJECTORIES FOR

SOLAR PROBE MISSIONS

I. Introduction

Background Information

The curreiat NASA Pioneer program (Ref 22:69) is designed

to explore solar effects on the space environment between 0.8

and 1.2 AU from the Sun. Plans for advanced missions in this

program include the exploration of regions as close as 0.5 AU

from the Sun, both in and out of the ecliptic plane. The tra-

jectories for these missions can be achieved with the Thrust-

Augmented Delta and Atlas launch vehicles, but larger and

more expensive booster systems are required for the explora-

tion of regions closer to the Sun.

The perihelion which can be attained for a given burnout

velocity is shown on the graph in Fig. 1 for a hyperbolic

ascent departure and Hohmann transfer orbit. Burnout veloc-

ities in excess of 41,000 ft/sec are necessary for solar

probe missions to regions less than 0.5 AU from the Sun. The

reason for this high velocity requirement is that the space-

craft velocity must not only exceed the velocity for Earth

escape (36,700 ft/sec), but also counteract the high orbital

velocity of the Earth about the Sun (97,700 ft/sec).

For missions to the 0.2 to 0.1 AU region, the range of

required burnout velocities is from 55,000 to 67,000 ft/sec,

respectively. This requirement can be met with the Saturn V
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launch vehicle, but the cost of this system ($125 million)

and the small payload for a solar probe (200 lb) warrent ai

investigation for less expensive techniques.

Purpose of the Thesis

The purpose of this thesis is to investigate the use of

gravity assist as a means of reducing the cost (see Table I)

and/or burnout velocity requirements for booster vehicles in

solar probe missions. Gravity assist is defined as a signif-

icant trajectory perturbation between launch and target

positions caused by a close approach to an intermediate

planet. This concept is also referred to as a planet fly-by

or swing-by. The basic purpose of gravity assist is to change

the spacecraft velocity vector with respect to the Sun; the

effectiveness of the maneuver depends primarily on the mass

and velocity of the assist planet and on the DOCA (distance
/

of closest approach) of the spacecraft to the surface of the

planet.

The primary goal is to achieve the smallest possible

perihelion with the least expensive booster vehiclesi for

out-of-ecliptic missions it is also desired to achieve the

largest possible inclination angle.

History of Fly-By Missions

The first planetary fly-by was achieved in December, 1962,

when the Mariner 2 spacecrE•ft (Ref 4:695-699) passed within

21,600 mi (18,800 NM) from the surface of Venus. The purpose

of this flight was. to collect data on the Venusian atmosphere,

2
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so the mission was completed After the encounter, and the

spacecraft was left to orbit the Sun. Mariner 4 (Ref 24:

Fall 1965) completed a similar mission when it passed within

5400 mi (4690 NM) from the surface of Mars in July, 1965.

Survey of the Literature

Minovitch (Ref 10,11) has conducted a two-part investi-

gation on gravity-assisted trajectories. The first part of

his investigation is devoted to the development of theory

and the calculation of gravity-assisted trajectories to the

inner planets. The second part is devoted to deep-space and

solar probe trajectories in which Jupiter is used as an assist

planet for missions in and out of the ecliptic plane.

Niehoff (Ref 13) has continued the work done by Minovitch for

gravity-assist missions in the ecliptic plane by using Jupiter

as either a target or an assist planet. The results of these

studies show that 90*-out-of-ecliptic trajectories with per-

ihelia less than 0.1 AU can be attained with a Jupiter assist

and an Atlas/Centaur/Kick launch vehicle ($16 million).

Thus, Jupiter-assisted solar probe trajectories have

been thoroughly investigated. The excellent performance

attained in these miss .s is due to the large mass of Jupiter

(318 times the mass of Earth), but these missions have two

disadvantages: first, the flight time is about three years,

and second, the vehicle must pass through the asteroid belt

twice on its path to the Sun.

Ross (Ref 15) has presented a detailed study on round

4
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trips to the inner planets and an introduction to Venus-

assisted trajectories for solar probes. The Jupiter-assist

disadvantages are avoided by using the inner planets for

gravity assist in solar probe missions.

Plan of Development

The over-all plan of the thesis is to investigate inner-

planet gravity-assist missions, and to compare them with

direct-transfer and Jupiter-assist missions. The body of

the report contains a discussion of the theory and results

of the mission studies. Detailed derivations of the equa-

tions are given in the appendices.

Chapter II is an investigation of direct-transfer solar

probe trajectories. This chapter serves to illustrate the

departure orbit technique used in the report, and it provides

a standard with which gravity-assisted solar probe trajec-

tories may be compared.

The method of analysis for two-dimensional gravity-

assisted trajectories is discussed in Chapter III. This

method is applied to the following solar probe missions:

1. Venus Assist in the Ecliptic (Chapter IV)

2. Venus-Mercury Combination Assist (Chapter V)

3. Multiple Venus Assist (Chapter VI)

a. Double Pass *t Venus

b. Triple Pass at Venus

The method in Chapter III is extended to the case of

Sgravity assyt in Chapter VII, and is

three-dimensional6

'16
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applied to the following out-of-ecliptic solar probe

missions:

1. Out-of-ecliptic Venus Assist (Chapter VIII)

a. Pre-Assist Orbit in the Ecliptic Plane

b. Pre-Assist Orbit out of the Ecliptic Plane

2. Jupiter Assist (Chapter IX)

It has been shown (Ref 11:39) that Mars offers little

or no benefit as an assist planet for Jolar probe trajec-

tories, so these missions have not been investigated in

this study.

Conclusions are made in Chapter X, and favorable

missions are recorr-.ended for further consideration.

The derivation of the equations for gravity-assisted

trajectories is included in Appendix A, B, and C, and a

method for the generation of launch opportunities is

described in Appendix D. Computer programs used in the

numerical calculations are given in Appendix E.

Mathematical "odel

The assumptions and limitations used in this study

are as follows:

1. Planetary orbits are assumed to be circular and

coplanar, except for Mercury which is assumed to have a

coplanar orbit with an eccentricity of 0.2.

2. The pieced-conic approximation is used, so that

the calculation of each gravity-assisted trajectory is a

sequence of two-body problems.

.0. 7
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3. - '- assumed that a planet and its SOl (sphere

of influence) may be approximated as a point mass on the

planetary orbit when viewed on a heliocentric scale.

Thus, a given pre-assist trajectory (the trajectory from

Earth departure to the SOI of the assist planet) may be

assumed to intersect the SO at any desired point. The

actual point of intersection may be controlled by mid-

course guidance maneuvers or by small variations in the

launch time. The validity of this assumption is analyzed

in Chapter III.

4. The length of time which the spacecraft spends in

the SOI of the assist planet is assumed to be negligible

compared to the length of the total mission time. Thus,

the spacecraft position vector with respect to the Sun can

be approximated by the planetary position vector at the

time of closest approach to the assist planet.

5. Ballistic trajectories with a single impulse at

Earth launch are employed in all missions. The gravity-

assist techniques which are developed can also be applied

to continuous-thrust missions; the idea of applying an

impulse during planetary encounter has been investigated

by Ross (Ref 15:149).

6. The departure orbit is a direct-ascent hyperbola

from Earth; thus, the HEV (hyperbolic excess velocity) for

the departure orbit is a function only of a specified

burnout velocity. The determination of azimuth, flight

path angle, right ascension, and declination at burnout

8
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is left for more detailed investigations (Refs 5, 9).

7. The trajectories are designed so that perihelion

lies inside the Earth's orbit about the Sun. That is, the

heliocentric flight path angle (angle between spacecraft

velocity vector and inner radial line from Sun to Earth) at

the time of Earth launch is always equal to or less than 900.

Modification of the equations for trajectories outside the

Earth's orbit is illustrated in the Jupiter-assist missions

of Chapter IX.

8. Only Type I trajectories (heliocentric transfer

angle from Earth to the assist planet 612 < 1800) are

investigated in this report. Additional circuits about

the Sun before interception of the assist planet serve

only to increase the time and reliability requirements of

the spacecraft.

General Method

In general the thesis is a collection of preliminary

mission studies. Trajectories are calculated for each

mission by selecting four arbitrary parameters: a burnout

velocity Vb, departure flight path angle %0, inclination

angle i, and distance of closest approach d.

For convenience, the equations derived in the appen-

dices are programmed on the IBM 7094 digital computer, and

trajectories are generated for the desired range of Vb, 0o,

i, and d. Each chapter includes a discussion of the program

for the particular mission under consideration, and results

9
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are presented in graphical form.

A list of solar system data used for the computations

is given in Table II. Gravitational parameters and the

astronomical unit are taken from Reference 8, Chapter III,

pp. 2 and 3; equatorial radii are from Reference 16, p. 371;

all other data are from Reference 2, p. 378. The perihelion

and aphelion for Mercury, 0.30750 and 0.46670 AU, respec-

tively, are taken from Reference 23, p. 14.

10
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II. Direct-Transfer Trajectories for Solar Probe Missions

Purpose and Scope

The purpose of this chapter is threefold: first, to

investigate the velocity requirements for solar probe

missions; second, to introduce the equations which are used

for Earth departure orbits; third, to develop a set of

reference trajectories which may be compared with gravity-

assisted trajectories in later chapters.

The trajectories for direct-transfer missions are bro-

ken into two phases:

1. Geocentric escape orbit - direct-ascent hyperbolic

orbit from the surface of the Earth to the boundary of its

SOI.

2. Heliocentric transfer orbit - an elliptical orbit

which originates at a point on the Earth's orbit about the

Sun.

Geocentric Escape Orbit

The initial phase of a solar probe mission involves

escape from the Earth's gravitational field. A direct-

ascent hyperbola is employed in all the trajectories; it is

assumed here that parking orbits, used primarily for storage

dumps and pre-departure checkout, are seldom used in solar

probe missions.

Velocity on a Direct-Ascent Hyperbola. From two-body

theory, it is known that parabolic velocity is the limiting

velocity for escape from the Earth's gravitational field.

12



GA/AE/6 7-4

However, hyperbolic velocity is usually employed in order

to avoid the long time interval required for escape on a

parabolic orbit. Also, the hyperbolic excess vo.,city

(REV) for a parabolic orbit is zero, so it is necessary

that the escape orbit be hyperbolic if it is desired to

achieve a perihelion less than 1.0 AU.

The velocity of a spacecraft on a hyperbolic orbit

is given by (Ref 16:96)

V2 = (2-1)

where r is distance between the spacecraft position and

the center of mass of the planet P1 , When the spacecraft

approaches the SOI of PI, r + •, and the velocity becomes

a 2 (2-2)

which is the HEV. Thus, for any point on the hyperbolic

orbit,

V2 = V2 +
r (2-3)

Selection of Vb. The vehicle is launched in an

easterly direction, as shown in Fig. 2, to take advantage

of the Earth's rotational velocity. Burnout usually occurs

from 50 to 100 mi above the surface, but the radius of the

13
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To Sun

Hyperbolic
Asymptote

Direction P.of Earth's s
Rotation

VP1

Fig. 2

Direct-Ascent Escape Orbit

Earth (Rp= 3960 mi) serves as a good approximation for the

actual burnout radius. Thus,

Vý = V~p1 + - 1 (2-4)Rpi

The use of Eq (2-4) avoids the sometimes conflicting

definitions of ideal, mission, and total velocities. Vb is

the actual velocity of the vehicle with respect to the Earth

when burnout occurs. The velocity required to accomplish

the mission is greater than Vb because of gravity and drag

losses, engine inefficiencies, and the Earth's rotational

velocity (Ref 19:136-138.).

The values of Vb used in Eq (2-4) may be compared

directly with data for existing launch vehicles in Fig. 3.

14
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0 INDICATES UNCLASSIFIED PERFORMANCE DATA

--- INDICATES EXPECTED PERFORMANCE VARIATION IF
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Fig. 3

Launch Vehicle Performance

(From Ref 25 :Chap. II, p. 46)

/

In turn, the cost of these vehicles may be found in Table I.

An expanded view of the region of interest (solar probe pay-

loads less than 500 lb) is given on the chart in Fig. 4.

Selection of Vb fixes the value of the HtEy, V~p, (see

Fig. 5) which is then used in calculating the heliocentric
i transfer orbit.

Heliocentric Transfer Orbi___t

After the escape phase of the mission is completed, the

vehicle enters a heliocentric elliptic orbit. The actual

15
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departure trajectory, shown as a heavy line in Fig. 6, is

To Sun
Heliocentric
Trajectory

Orbital Motion

of Earth

Fig. 6

Launch Trajectory of a Solar Probe

(From Ref 4:696)

0

a combination of the motion of the vehicle on its escape

hyperbola and the motion of the Earth about the Sun. The

thin lines represent the hyperbolic escape orbit with

respect to the Earth for a sequence of observations after

launch. 0/

Selection of ý0, i. As stated in the introduction,

the trajectories investigated in this report depend upon

the choice of a burnout velocity Vb, departure flight path

angle *0, and an inclination angle i. The parameter Vb

specifies a departure orbit which, in turn, fixes the

magnitude of V. . The selection of ýo and i defines the

geometry of a heliocentric orbit which is assumed to orig-

inate from a point on the Earth's orbit about the Sun.

Calculation of V0 . The vector geometry, shown in Fig.

7, is used to calculate 70, the velocity of the spacecraft

with respect to the Sun after Earth escape. The X1 YIZ 1

18
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Projection of V

00

on X1 -z1 Plane|

Vp To Sun

X1

Fig. 7

Velocity Vector Geometry at Launch

Perihelion

Linei of

• Spacecraft

SSun 00

S~P1

Nodes

Fig. 8

Heliocentric Transfer Orbit
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coordinate system is located with its origin 01 at the center

of mass of P1. The X, axis lies along 7p! (the velocity of

P1 about the Sun), the Y! axis points toward the Sun, and

the Z, axis completes the right-hand system, From the figure,

7 0o 7 1 + 1~i

e V0 sin *o cos i eX + Vo cos ý e-yJ +

V. sin *o sin i ezi (2-5)

where VP = Vp (2-6)

Combination of Eqs (2-5) and (2-6), and use of the dot

product to find an expression for the square of the magnitude

of V.p!, gives
2/

V2p =(0 sin cos i - V1)2 + v CosV 2o +

(Vo sin 0o sin i) 2 (2-7)

The value of Vo must satisfy Eq (2-7) which reduces to

the following quadratic equation:

Vo -2Vl sin 0 cos i V +V 2  -Vp 0 (2-8)

The solutions to this equation are given by

20
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V0 = Vp, sin 0 cos i +

J~2 sin2oo cos2i + V21 -2 (2-9)
V1 ~P 1  p1  29Vp12 SilO OSi+V V2P

The plus sign in Eq (2-9) applies to orbits which lie

outside the Earth's orbit about the Sun (V0 is perihelion

velocity for 00 = 90*); the negative sign, for orbits

which lie inside the Earth's orbit (Vo is aphelion velocity

for 00 = 900), is used for most solar probe trajectories.

If the selected values of 0o and i make Vo a complex

number, then Vb (or V.p,) is not large enough to attain a

heliocentric orbit, and the vehicle is unable to escape the

Earth's gravitatioral field.

Orbit Characteristics. Now that the Vol 00o and rp1

(the distance of the Earth from the Sun) are known, the

geometrical characteristics of the heliocentric transfer

orbit (see Fig. 8) may be calculated.

The true anomaly at launch is given by (Ref 21:62)

(rp! V2 /11) cos 00 sin *0

tan I. - (rp V2 /J'o) sin2 o0  (2-10)

where fo is measured from perihelion, and is a negative

angle for elliptic orbits insida Earth's circular orbit,

that is, -1800 < fo ( 00O

The semi-major axis of the heliocentric orbit (Ref

21073) is given by

21
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al = 1  (2-11)
2 - rp V4

and the eccentricity is

e•= (r l V2 /0 2 sin2 ýo + cos 2 ý0  (2-12)

The transfer time on an elliptic orbit is found by

integrating the moment of momentum equation for the orbit-

ing body (Ref 21:73). The result of this integration is

t aI -• e tan f)_

[= arc tan t

e l-e 2  sin f
1 + e os f (2-13)

which gives the time measured from periapsis to the true

anomaly f. Inspection of this equation reveals that neg-

ative true anomalies (-180 < f < 00) produce negative

time values, so a negative sign must be placed in front

of Eq (2-13) when the spacecraft is traveling from aphelion

to perihelion.

For convenience, Eq (2-13) is written in functional

form, that is,

t t(a, , e, f) (2-14)
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Thus, for direct-transfer trajectories in this chapter

TOP = - t(al, V., el, fo) (2-15)

which gives the time from launch to perihelion.

The aphelion of the heliocentric transfer orbit is

given by

g v rA * a , (1 + e I) (2-16)

and finally, for the perihelion,

qm = al (1 - el) (2-17)

Computer Programming

As shown on the flow chart in Fig. 9, Program 1 (see

Appendix E) consists of a parametric variation of Vb, Oo,

and i, respectively. Characteristics of the orbits result-

ing from the choice of these parameters are printed in rows

of data which vary with i for each selected value of Vb and

ýo" A line of asterisks across the page of output is used

to separate the results for each choice of Vb, as shown in

the sample printout.

Control provisions are made in the program for cases

in which the valzes of Vb, 0o, or i are such that escape

from P1 is not possible. The Increments for the independent

23
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variables may be selected as desired, and in this program

are

Ai = 50

Aý 1000

AVb = 1000 ft/sec

where the initial values are

i 0*Q

00 =900

Vb = 36,000 ft/sec

Special precautions must be taken to find the true
anomaly fo from Eq (2-10) on the computer, since tan fo is

a double-valued function. The arc tangent function sub-

routine in the IBM 7094 system is designed so that the

output angle for a given argument is less than + ff/2 and

greater thmn - n/2. Thus, by considering the double-

valuedness of the tangent of any angle, it is reasoned

that

fo = arc tan (tan fo), if tan fo < 0
(2-18)

fo = arc tan (tan f0 ) - v, if tan fo > 0

An arithmetic statement function is used to find the

time on an elliptical orbit. The function is defined like

Eqs (2-13) and (2-14), above, and it appears at the beginning

of each program in the thesis.

In general, the variable names in the programs and the

output correspond to the notation used in the report. The

following list relates the notation on the computer output

24
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(Rea~d: po, lip' rP I RPIt Vp!I

b Loop>

Calculate: V 2  i0 v2

.o II
Insufficient V bl

• • •~i Loop -- 7

Iii{Calculate: V2o l

Eiie o
, , ,, ,III

Write: Vb, ol i, fo all ell Topl I ISI I I

< -- I

Fig. 9

Flow Chart for Program 1
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with symbols defined in the texts

VB A- Vb XI i El N e,

VlNFPl N V.pj FO fo TIMOP N TOP

PH No 0  Al a, RP N qm

Output quantities in all programs are given in the

same units used in the text.

Conclusions

The graph in Fig. 10, plotted from computer output,

illustrates the perihelion which can be achieved with a

given Vb for several values of ýo" Fig. 11 is plotted

with the same data, except that mission time is plotted

as a function of •0 for various burnout velocities.

Examination of these two graphs (both for transfers in

the ecliptic) indicates some interesting properties of

direct-transfer orbits.

The primary reason for using non-tangential (0o < 900)

transfers is to decrease the mission time. Fig. 11 illus-

trates that mission time is strongly influenced by small

changes in 0o for low values of Vb. For instance, at Vb =

37,000 ft/sec, a change in 0o from 90* to 880 decreases

the mission time from 140 to 120 days. However, at Vb =

50,000 ft/sec, this same change in 0o produces a mission

time decrease of only 0.2 days.

As shown in Fig. 10, perihelion is significantly

increas d when *0 departs from 900. For example, at Vb =

41,000 ft/sec a decrease in 00 from 900 to 800 reflects

26
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an increase in perihelion from 0.50 AU to 0.66 AU. It

appears that the advantage of shorter mission time for

non-tangential transfers is outweighed by the disadvantage

of increased perihelion distance.

Fig. 12 gives the Vb requirements for direct-transfer

out-of-ecliptic missions with ý0 = 900. It illustrates

that velocity requirements are heavily imposed for inclina-

tion angles above 100.

From Fig. 10, tangential transfers to 0.5 AU in the

ecliptic require burnout velocities less than 41,000 ft/sec

(Atlas/Centaur). However, more sophisticated boosters must

be used for missions closer to the Sun; that is, Saturn V

is required for a direct mission to 0.1 AU.

27
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III, Two-Dimensional Gravity-Assisted Trajectories

Purpose and Scope

The burnout velocity and cost requirements for direct-

transfer solar probe trajectories were studied in the

previous chapter. It is hoped that these requirements may

be relaxed by using the gravitational attraction of one

or more planets to reduce the spacecraft perihelion.

The purpose of this chapter is to outline the method

which is used for gravity-assisted solar probe trajectories

in the ecliptic and to clarify the assumptions made in the

analysis. A detailed derivation of the equations is given

in Appendix A.

Two-Dimensional Gravity Assist

It is assumed that a gravity-assisted trajectory can

be separated into a series of conic orbits. The accuracy

of this assumption was investigated by Sturms and Cutting

(Ref 18) who computed a precise trajectory and midcourse

guidance reqairements for an unmanned probe to Mercury

with a gravity assist at Venas. In their report it is f
shown that conic trajectories are an excellent approxima-

Stion to the actual trajectories, and percentage differences

for the orbital elements are within 2%.

The approach taken here is to divide the entire trajec-

tory into four conic orbits:

1. Departure Orbit - planetocentric hyporbolr at
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departure planet P1.

2. Pre-Assist Orbit - heliocentric ellipse from P1

to the assist planet P2.

3. Assist Orbit - planetocentric hyperbola at P2.

4. Post-Assist Orbit - heliocentric ellipse after

the spacecraft passes P2.

Departure Orbit and Pre-Assist Orbit. The procedure

which was used to determine a geocentric escape orbit and

a heliocentric transfer orbit in Chapter II is used again in

this chapter; however, the heliocentric transfer orbit,

defined by the selection of Vb and *0, is now called a pre-

assist orbit. Since this analysis is two-dimensional, the

inclination i is zero.

The point of intersection A of the pre-assist orbit

and the orbit of P 2 , shown in Fig. 13, is assumed to be

the point at which the pre-assist orbit intersects the

Sol of P2" This assumption (no. 5 in the Introduction) is

more meaningful when the S§I radius of P 2 is compared with

the distance of P 2 from the Sun. For example, Venus has a

Sol radius of 383,000 mi, and a mean orbital radius of

67,100,000 mi. If the SOl radius is assumed to be the

chord of a circular sector, it subtends a heliocentric

angle of only 0.330. A similar calculation for Jupiter

reveals that its SOl radius subtends an angle of 3.50,

The geometry of the pre-assist orbit is used to

calculate true anomaly 11, velocity V1 , and flight path

i<
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Pre-Assist OrbitX

i Assist

I sun 1pI>r /

\ Perihelion /

Fig. 13

Pre-Assist and Post-Assist Orbits

Inbound Asymptote P

/ d\/ \

S~To Sun/
vI

/

S0 Outbound Asymptote

Fig. 14

Assist Orbit
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angle *, at point A. These quantities are taken as pre-

assist orbit conditions at the time the spacecraft enters

the OI of P2*

Assist Orbit. The velocity of the spacecraft with

respect to P 2 as it enters the SOl is

iV - Vp2 (3-1)

This velocity (at an infinite distance from P 2) is the

inbound HEV for a hyperbolic orbit at P 2 called the assist

orbit.

From considerations on hyperbolic orbits (Ref 16:96)

it is known that the outbound HEV vector is equal to 7.i

in magnitude, but differs by an angle of 2v in direction

(see Fig. 14). This angle is determined by choosing a

value for d, the DOCA; after this choice has been made,

the geometry of the assist orbit is completely specified.

Post-Assist Orbit. Point A in Fig. 13 is assumed to

be fixed in heliocentric space during the time that the

spacecraft is within the SOl of P 2 (assumption no. 4 of the

Inttoduction). It has been shown (Ref 10) that a spacecraft

spends approximately one day on an assist orbit in the Sol

of Venus. The above assumption is reasonable when it is

considered that the mean daily motion of Venus is 1.6020.

Thus, neglecting small changes in the position and

velocity of P2 about the Sun, the post-assist orbit can be

assumed to originate at point A. Also, by using the same

34
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arguments which were applied to the pre-assist orbit, point

A is assumed to be the point at which the post-assist orbit

intersects the SOl of P2.

In accordance with the above assumptions, the following

expression is written for the velccity of the spacecraft

with respect to the Sun as it exits the SOI of P2 1

V3 = + V. (3-2)

This expression and the geometry of the assist orbit are

used to find the true anomaly f 3 , velocity V3 , and flight

path angle *3 on the post-assist orbit at P2. Finally,

these conditions are used to determine the geometry and

perihelion of the post-assist orbit.

Total mission time Top is defined as the elapsed time

from launch at P1 to perihelion of the post-assist orbit.

The time spent in the SOI of P1 and P 2 is neglected, since

it is much less than Top. Thus, use of the functional

notation in Eqs (2-13) and (2-14) gives

Top T1 2 - t(a 3 , V., e 3 , f 3 ) (3-3)

where T1 2 is the time from P1 to P2 t

T12 =t(al, 1., e,, fl) -

t(al, )j,, el, f.) (3-4)

Corollary

As explained in the previous section, the pre-assist

35
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orbit (determined by the choice of Vb and 00) defines the

geometry of the velocity vector diagram in Fig. 15(a) at

the time of entry to the SOI of P2. The actual point of

entry is not specified until d is chosen. Thus, an implicit

result in the above analysis is that a given pre-assist

orbit may be assumed to enter the SOI at any point. This

corollary is the basis for the third assumption in the

Introduction, and will be of more importance in the three-

dimensional discussion of Chapter VII.

In precision trajectory calculations the point of

entry and DOCA are determined by a pre-assist orbit. During

an actual flight the point of entry must be controlled by

midcourse guidance and small deviations in the launch time.

Geometry of the Gravity-Assist Maneuver

Locus of Outbound HEV Vectors. Since IV7oI = = 17/

a circular locus of Vo vectors may be drawn for a given

pre-assist orbit. As shown in Fig. 15(b), the center

of this circle lies at the tip of the vector Vp2. The

selection of d automatically fixes the angle v, and the

resulting 71.0 vector is drawn in Fig. 15(c). Finally, in

Fig. 15(d), 73 is drawn from the base of VP. to the tip

of V. 0 .

It should be noted that physical limitations are

imposed on the angle v, so that only an arc of the circle

in eig. 15(b) represents possible 70. vectors. The maximum
0

turn angle 2vmax for a given pre-assist orbit occurs when

36
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Selection of d Determination of V3

Fig. 15

Gravity-Assist Geometry
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d = 0 (grazing pass at P2. This can be seen analytically

by inspection of Eqs (A-18) and (A-19).

Effect of Gravity Assist. The effect of gravity assist

is to rotate Vi through an angle of 2v in the plane of

motion. The direction of rotation can increase or decrease

the spacecraft velocity with respect to the Sun, and is

controlled by the side of the planet which is passed by the

spacecraft (dark-side or light-side passage).

Some interesting observations may be made in the

velocity vector diagram of Fig. 15(d). First of all, the

minimum 1V3 1 for a given pre-assist orbit is attained when
V0o is directed opposite to VP2# Similarly, the maximum

IV3 1 is attained when V.0 is in the same direction as Vi2

Also, the maximum heliocentric velocity change 1V3 - V I

is achieved when v = vmax (or d = 0).

Another observation is that if 117 il > IVP21, and if

v (or d) can be chosen within its range of physically

possible values (d > 0) such that 7o 0 lies opposite 7P'

then V 3 also lies opposite to Vp2, and a retrograde orbit

is obtained. This is found to be the case for some Jupiter-

assisted trajectories (Ref 11).

Visualization. The gravity-assist maneuver may be

visualized by separating the velocity vector diagram of

Fig. 15(d) into two reference frames: one with respect to

the Sun, and the other with respect to P2 . This procedure

is best illustrated with a hypothetical example.

38



GA/AE/67-4

Suppose that a gravity-assisted trajectory has been

calculated and that the above procedures have been followed

to obtain the velocity vector diagram in Fig. 16(a). Since

all vectors in this figure are drawn relative to heliocen-

tric space, they may be referenced to the P 2 - Sun line and

translated into two separate diagrams as shown in Figs. 16(b)

and (c). All angles in Fig. 16(a) have been preserved in the

translation, and now the entire maneuver may be easily visu-

alized by viewing it from two different frames of reference.

Comparison with Other Methods

The method used for gravity-assisted trajectories in

this study is similar to that used by Minovitch and Niehoff

(Refs 10, 11, 13). Their investigations, however, are Pri-

marily concerned with interception of a target planet after

a close approach to one or more intermediate planets. The

target planet rendezvous imposes a constraint which need

not be considered in solar probe missions.

Minovitch has conducted a very thorough study or gravity-

assisted trajectories, and his approach includes the inclina-

tions and eccentricities of planetary orbits. However, the

analysis may yield physically unrealizable trajectories with

negative DOCA values.

Niehoff has derived expressions for the maximum velocity

and energy change at the assist planet, but satisfaction of

these expressions constrains the geometry of the assist

orbit which also fixes a DOCA for a given pre-assist orbit.
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Thus, trajectories which have maximum velocity or energy

change are not necessarily those trajectories which have

minimum perihelia.

Ross (Ref 15) has devised a systematic approach to the

study of non-stop interplanetary round-trip trajectories.

His analysis includes the inclinations and eccentricities

of planetary orbits, and results are presented in design

manuals (Planetary Flight Handbook, Vol. III, Parts 1, 2,

and 3, NASA SP-35) for manned missions to Venus and Mars.

He has conducted a short investigation on Venus-assisted

solar probe missions for the 1965-66 time period.

The method developed in this thesis lends itself

nicely to feasibility studies, and is designed so that

gravity-assisted trajectories may be calculated as a

function of specified burnout conditions at Earth and

DOCA at the assist planet. The equations are derived in

a general form, and may be applied not only to solar probe

missions, but also to any of the target-planet or round-

trip missions which were studied by Minovitch, Niehoff,

and Ross.
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IV. Venus Assist in the ci~tic

A method of analysis for gravity-assisted trajectories

was described in the preceeding chapter. It is the purpose

of this chapter to apply that method to the specific problem

of a Venus assist for solar probe missions in the ecliptic.

This problem has been investigated in other 7eports (Refs

3, 11), but is included here to serve as a foundation for

the development of other Venus-assist missions which are

studied in later chapters.

Also, this chapter is designed to outline the feasibil-

ity cf gravity-av;st missions and some of the additional

considerations whicn must be made in the selection of a

trajectory for more precise design study.

Additional Considerations for Gravity-Assist Missions

Guidance-Requirements. The most significant difference

between direct-transfer and gravity-assist missions, as far

as hardware is concerned, is guidance requirements. A grav-

ity-assist mission would have no hope of success without

some form of midcourse maneuvering capability.

This problem is not as formidable as it appears, for it

has been shown that guidance requirements for the gravity-

assist maneuver are modest, and are within the capabilities

of present-day technology, Sturms and Cutting (Ref 18) have

shown that 180 lb of additional midcourse guidance equipment

and fael are required to accomplish a Venus assist for a
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1120-lb Mercury-probe payload. A design study (Ref 3) o:i

Venus-assist missions for solar probes indicates that ar.

80-lb guidance system is sufficient for a 460-lb payload,

From this discussion it is assumed that the payload

for Venus-assisted solar probe missions in this thesis

weighs approximately 250 to 300 lb (200 1b for the probe

and 50 to 100 lb for additional guidance equipment). The

probe weight is based on findings in the ICARVS design

study (Ref 12s:03), where a 150- to 200-lb spacecraft is

designed for a direct-transfer mission to 0.1 AU.

DOCA. It is found ir this and all of the following

chapters on gravity-assist missions that the post-assist

orbit perihelion decreases with a decrease in DOCA at the

assist planet. As mentioned in the previous chapter, a

grazing pass represents the physical lower limit for DOCA,

but a planetary atmosphere may represent an additional

limitation.

Little is known about the Venusian atmosphere, but it

has been estimated (Ref 4:680) that the atmospheric pressure

at an altitude of 120 km (65 NM) above the surface of Venus

is about 2 x 10-6 atm. For Earth this pressure is found at

an altitude of about 107 km (58 NM) from the 1959 ARDC Model

Atmosphere (Ref 25sChap. I, p. 8), The Earth's atmosphere

effectively ends at 400,000 ft or 65.8 NM (reentry altitude

in Ref 23:104), From this data it should be safe to assume

for Venus that atmospheric effects are insignificant for a

DOCA above 100 NM.
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Communications, It iLs shown in the two design studies

mentioned above (Ref 3, 12) that a solar probe must have

data handling and storage capability for the transmission

of inform.ation at a suitable time after perihelion. Thus,

the actual mission time may be longer than that defined in

this report (time from launch to perihelion).

The communications necessary to effect a midcourse

maneuver for a planetary flyby have been demonstrated in

the Mariner missions. For many of the gravity-assisted

trajectories in this study the spacecraft-Sun elongation

angle from Earth is large enough to allow communication

with the spacecraft at the time of planetary encounter.

Computer Programming

As shown on the flow chart in Fig. 17 the program

for gravity assist in the ecliptic (Program 2 in Appendix

E) consists of a parametric variation in Vb, o,, and d,

respectively. The first portion of the program is designed

to calculate and store the departure orbit and pre-assist

orbit conditions at launch for various values of Vb and *O.

The value of d is parametrically varied for each value

of Vb and *O, and a line of printed output (sample follows

Program 2) consists of trajectory characteristics for a

given value of d.

As in Program 1, control provisions are made for cases

in which escape from P1 is not possible. Also, provision

is made for the cases in which the pre-assist orbit does
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rRead: .e, upI' •2, p, r P 2 1 VP, I , 2 , Rp________ 1 rp p!V2 1 R2

Calculate and store: rn, U, 0 Vol VC*p

for each value of Vb and o

Vb Loop

,0 Loop ISI I
Calculate: al, el, V1 , *1, fl, 812, T1 2 , V-i, a 2

> rpI
a eS• rp2 '

Insufficient V I

Calculate and Store: e 2 , v, *4, V3, I I
030 f 3 , a 3, e 3, Top, qm I

I I
II

Write: Trajectory results for each d I
I I

Fig. 17
Flow Chart for Program 2
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not intersect the orbit of P2 . That is, the perihelion of

the pre-assist orbit must be at least as small as the orbit-

al radius of P. (see Eq (A-6)).

The comments above Eq (2-18) regarding the arc tan sub-

routine and the calculation of fo in Program 1 are also

applicable in Program 2. These considerations apply again

to the calculation of f, and f 3 , the true anomalies of the

pre- and post-assist orbits at P2 . respectively. That is,

the programmed expressions for f, and f 3 may be obtained by

replacing fo in Eq (2-18) by f, or f3,

The calculation of the angle * in Eq (A -22 ) requires

a procedure similar to that used in the calculation of fo"

The arc sin subroutine on the IBM 7094 is designed so that

the output angle for a given argumenit is less than + w/2

and greater than - w/2. From Fig. 64 and Eq (A-22), the

following condition must hold:

( + 2v) > v/2, if V, sin >1 Vp (4-1)

(+ 2v) < v/2, if V, sin < Vp1

and thus, for the program,

= w - arc sin [sin (0 + 2v)] - 2U, if

V1 sin #1 > Vpl

* =arc sin [sin (0 + 2v)] - 2v, if

V, sin 41 < Vp (4-2)
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Notation on the printed output for Program 2 is the

same as that used in Program 1 of Chapter II. Additional

and revised notation is an follows:

VO V VINF'P VCO, VWo NU v

A DOCA "d E2 e 2

ET " , F3 " f 3  PSI •

TH12 812 A3 a 3  TIM12 T12

F1l' f1  E3 e3  TOP N T

Vl VV V3 V3  QM o qm

Mission Profile

A trajectory from the computer data is illustrated in

the mission profile of Fig. 18. An Atlas/Centaur/TE-364-3

launch vehicle is selected for the missionj from Fig. 4 it

is found that the burnout velocity of this vehicle is

53,000 ft/sec for a 250 lb payload. A tangential departure

is used 0, = 900) in order to obtain the smallest possible

perihelion with the given burnout velocity.

The launch date for this mission (30 August 1970) is

selected frow-4emputer printout of Program 8 in Appendix E.

Heliocentric longitudes of Earth and Venus at the time of

launch are taken from Reference 1. The angles in Fig. 18

have been drawn carefully with a protractor, but are not

indicated because they serve only to clutter the drawing.

Conclusions

From the success of the Mariner Program and the results

of the reports discussed above (Refs 3, 18), it can be
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Trajectory Data

Launch Date: 30 Aug 1970 (JD2440828.8)
Launch Vehicle: Atlets/Centaur/TE-364-3
Vb = 53,000 ft/sec, 900 Vp
Payload - 250 lb 2

T12 = 52.7 days
Tp 87,4 days

d - 100 NM T P2
qm 0.°361 AU Sun

IN Flyby at
N N Venus

// N

/ \
/\\

/ \\,Earl'-.h at
/ Post-Assist perihelion

I~~~~ Intercept•/) eu

Venu at • /Intercept

NVenus at Pre-Assis• /SLaunchrbit

" s-n -E•r-t a
Launch

Fig. 18

Mission Profile for Venfus-Assisted Trajectory
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concluded that gravity-assist missions to Venus are within

the capability of present-day technology.

The example mission indicates that a perihelion of

0.161 AU can be achieved with the Atlas/Centaur/1E-364-3

launch vehicle ($16 million) and a Venus assist; whereas

a Saturn V ($125 million) or a Saturn I/Centaur/Kick (no

cost data, but Saturn I/Centaur alone costs $41 million)

is required for a direct-transfer to this perihelion.

A graph of perihelion versus burnout velocity for

varying DOCA in Fig. 19 indicates that the performance

(achieved perihelion) of gravity assist at Venus changes

only slightly for DOCA variations below 1000 NM. Thus,

the performance results for a DOCA of 100 NM are fairly

representative of the results for any DOCA less than 1000

NM.

A plot for direct-transfer missions (dot-dashed line)

is shown in the figure. A-comparison of the curves reveals

that a DOCA above 100,000 NM offers nu significant advantage

in solar probe missions. A horizontal measurement on the

graph for any given perihelion below 0.35 AU indicates that

the reduction in Vb is approximately 6500-ft/sec, that is

Vbi - Vb 6500 ft/sec,

Direct DOCA=O

Fig. 19 also illustratos that the most significant

reductions in perihelion are achieved with the lower

values of Vb (less than 5 5 D 0 0 0 ft/sec). Thii point is

further illustrated with the plot of perihelion versus
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DOCA in Fig. 20. The horizontal dashed lines in this

figure indicate perihelion for direct-transfer missionsl

these lines are asymptotes for the solid lines which are

for gravity-assist missions.

Mission time for any Vb and DOCA can be found in

Fig. 21. This plot indicates that for a given Vb the

mission time is relatively invariant with DOCA. A cross-

plot of this graph is found in Fig. 22 for a DOCA of 100

NM. Aloo shown in Fig. 22 is mission time for direct-

transfer orbits. It can be seen that the mission tra

requirements for a Venus assist are, for all practical

purposes, about the same as direct transfer,

s1o

/
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GA A/ - V. Venus-Mercury Combination Assist

The theory developed in Appendix A and the Venus-assist

mission in the preceeding chapter is easily extended to the

case of a second assist at Mercury. The post-assist orbit

for the Venus assist is treated as a pre-assist orbit for

the Mercury assist, and the procedures for a single assist

are repeated, Thus, each Venus-assisted trajectory and a

chosen DOCA at Mercury determines a combination-assist

trajectory.

General Method

The general method may be described by reference to

the equations derived in Appendix A. First of all, a

value is selected for Vb, 00, and d at the first assist

planet P2 . This determines the post-assist orbit charac-

teristics a 3 and e 3 ; if the post-assist orbit intersects

the orbit of a second assist planet, P3. it is treated as

a pre-assist orbit at P3, and

r rp, (5-1)

Eqs (A-8) through (A-13) are used to find the orbit

conditions at intercept of P38

(2 1
V2u~j- (5-2)

rP 3  a3
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[a21 e~) 11/2
sin. 45 '(2 (5"-3)

i (2a 3 - rp 3 )

V2• "/,,o) coo, ý5 sin •
txf -(rP3 3/) (5-4)

-i (rp3 V2 /U.) sin 2 _

The heliocentric transfer angle and time from P2 to FPa,

respectively, are given by

623 = f 5 - f3 (5-5)

T23 = t (as, v., e3, fs) -

t (a3, U., e 3 i f 3 ) (5-6)

To determine the assist orbit at P 3, as sho,,m in Fig.

23, use is made of Eqs (A-14) and (A-15) as follows:

V2 V2  + V2  -
7 To Sun Vi 5 305 (5-'7)

2V5 VP3 sin +5

V7 77 75 and a4 a UP3 /Vi ( (5-8)

-After selection of dteDC

2v at P 3, the eccentricity of the

second orbit is calculated as
Fig. 23

in Eq (A-18):
Assist Geometry at P3
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e4 a (Rp+ a + d (5-9)
4

and sin V 4 (5-10)e 4

The final post-assist orbit conditions at'P3 Ue found

with Eqs (A-22) through (A-26):

*4 arc sin 125- - 2v4  (5-11)

VWo = VC0 5-12)

= V2  + Vo - 2Vp3 V'o COS *4 (5-13)7 P3  07, 3 .

- sin (5-14)COS 07 =i *4,
V7

(r P3vi /v1w COS *7 Sin *7tan f7 
7 ..... ,1-(rp3 V• /11o) sin2 •7  (5-15)

Finally, the post-assist orbit characteristics after

the second assist are determined from Eqs (A-27) through

(A-31),

(rP, 2/e
a 5  2- i (516

(rp 3 V2 1 2 sin2  + Cos2 (5-17)
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Top T12 + T23 - t(as,Q es f 5 ) (5-18)

ras.= a5 (1 + e 5 ) (5-19}

and for the final perihelion,

qMm = rPs = a. (1 - es) (5-20)

CoMputer Programming

The program for combination-assisted trajectories

(Program 3) is illustrated with the flow chart in Fig. 24.

The first half of Program 3 is identical to Program 2, so

that single-assist trajectories are generated by a paramet-

ric variation of Vb, *0, and d. Each trajectory calculated

in the first half of the program is used to generate a set

of combination-assisted trajectories by a parametric varia-

tion in d3, the DOCA aI P• .

In addition to the control provisions made i, Program

2, a provision is made for the case in which the .post-assist

orbit from P2 does not intersect the orbit of P3 . The per-

ihelion of the post-assist orbit from P2 must be at least

as small as the orbital radius of P3 .

A sample of the computer printout is given in Appendix

E after Program 3. The first list of results for each Vb

and o is a set of Venus-assisted trajectories for varying

d. Below this is a listing of Venus-Mercury-assisted tra-

jectories for varying d3 for each value of d.

The notation on the printed output is the same as that
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FRead: i•' ut,' iz2 ' rp 1, rp2 VP ,1
VP2 Rr Rp2 , RP3' R' rp , ra

Calculate and Store: n, a, fop Vol V.1

for each value of Vb and *oI
Vb Loo p

*o Loo

Calculate, Store, a.d Write as in Program 2:
Trajectory results for each value of d

> rP 3 q m rP

•f~t V• second d Loop•

d3 Loop ~1I

Calculate and Store: e4 , V4, *4 V71 *7, I
f7, a5, e5, Top, qmm I

I I
Write: Trajectory results for each d; 1

stop

Fig. 24
Flow Chart for Program 3
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used in Programs 1 and 2 with the following additions or

achanges:

N -%, v T23 T2 3  E5 V e 5

T12 4 T1 2  QMM qm V7 'V 7

TH23 " 023 D3 "d 3  N4 v 4

FS F- f 5  F7 "f 7  PSI4 N a•

VINF5 N Vw,15 V0o5 A5 •a 5  THOP u 0OP

TOP " TOP (Venus-Mercury Assist)

TTOT TOP (Venus Assist with no Mercury Assist)

Eccentricity of Mercury's Orbit

When Program 3 is applied to the Venus-Mercury combina-

tion-assist problem, it is necessary to consider the eccen-

tricity of Mercury's orbit, since it is not nearly circular.

In order to obtain a range of possible results, two

cases are studied: Mercury at perihelion r,, and Mercury

at aphelion ra Thus, for the perihelion case,

SrP3 = r• P(5-21)

and for the velocity cf Mercury (Ref 8:Chap. II, pp. 11,12,

Eqs (1-134) and (L-153)),

V ,2, rag (5-22)

For the aphelion case,

P3 ra (5-23)
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and for the velocity,

VP3 = Va = ZP (5-24)
Sr + r

aý(rayrp

Conclusions

The three missions which have b'een studied thus far

(direct-transfer, Venus-assist, and Venus-Mercury assist)

are compared in Fig. 25 on a plot of perihelion versus burn-

out velocity. Results for both the Venus-M•Dcury-at-aphelior

and Venus-Mercury-%t-perihelion misions are shown. of the

two cases, smaller perihelia are achieved when Mercury is

at aphelion, b~t tche difference is almost insignificant,

It can bo co.hcluded immediately from the figure that

the Venus-Mercury combination.-assi.st missions are not

worthwhile. Not only is the reduction in perihelion insig-

nificant when compared to the single Venus-assist missions,

but also the added problems of guidance at a second assist

planet and launch opportunities make these missions more

trouble than they are worth.

Thus, the only useful result of this chapter is that

a method has been outlined for the calculation of Venus-

Mercury-probe trajectoriesand equations have been derived

for duel combination-assisted trajectories. Howevrr, the

analysis has contributed little for solar probe missions.
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VI. Multiple Venus Assist

The theory for gravity-assisted trajectories in Appendix

A was extended in the preceeding chapter for the case of a

combination of gravity assists at several planets. In this

chapter, the same theory is extended for another case -

multiple gravity assists at a single planet.

The problem here is to determine a DOCA at the assist

planet (for given values of burnout velocity Vb and departure

flight path angle 00) which will cause the spacecraft to

intercept P2 a second time at the same point in space. As

shown below, this requires a post-assist orbit whose period

is m/n times the orbit period of P2 ; the quantities m and n

are integers, where m is the number of solar circuits of P2

and n is the number of solar circuits of the spacecraft be-

fore the second intercept.

This procedure may be repeated for additional passes at

P2 until the spacecraft aphelion is too small for interception.

Of course, the DOCA for a final. pase i. a'"bitiacy, just as it

was for a single pass.

The theory and computer programs in 'ha hapter are

developed for multiple assist at any planet, but application

is made only to a double and a triple assist aW. Venus. It

has already been shown that little benefit is derived with a

Harcury or Mars assist; a multiple assist at Jupiter i. imprac-

tical because of excessive flight time and also because Sun

impact can be achieved with just a single assist.
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Double Assist at Venus

As stated ,above, the pre-assist orbit is determined by

selecting Vb and 4. The next parameter fcr a double assist

is the orbit ratio m/n. If the spacecraft and P2 are to

,intercept a second time at the same point in upace, then

necessarily,

n rsc = P (6-1)

where Tsc is the first post-assist orbit period and ½P2 is

the orbit period of P2.

Thus, for the orbit ratio selected, the required post-

assist orbit period is

sc P2  (6-2)
n P

where TP2 is known from planetary data. From Kepler's Laws,

this also specifies the semi-major axis of the post-assist

orbit:

3

a3 = (/ s 6-3)

The heliocentric velocity at P2 on the post-assist

orbit is found with the vis-viva integral:

122 1L (6-4)3ror a3J
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As shown in Fig. 26 there are two possible directions for 3'

The 7 case (dotted line) is

discarded, because it serves to ToSSun

increase rather than decrease /3 Su

the perihelion of the post- /

assist orbit. If V'1
/ V1  V3I Vp2 - 00

iV31 < - 7.i (6-5) / 2p2

/

then the trajectory cannot be /2

realized and another orbit 2v.2\ .

ratio must be selected. v i
0

Conservation of energy of

the flyby orbit gives Fig. 26

Vector Geometry for
0 = V, (6-6) First Assist

and the flight path angle 03' is
determined from the Law of Cosines:

1 Vs + V2 V2 (6-7)
sin 03 2V3 Vp2

The angle *2 in the figUre is given by

V3
sin 02 =- cos 3 (6-8)V00

and from the Law of Sines, the turn angle is

V12v2 =arc sinV Cos -2 (6-9)
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Thus, Eqs (A-15) and (A-19) gi*,e

UP 2
a2 = -'y- (6-10)

Wi

e2 (6-11)
sin V2

and finallyt from Eqs (A-16) and (A-17), the required DOCA

at P. is

d = a2 (02 - 1) - RP2 (6-12)

if a negative value is obtained for d, then, againt another

value of m/n must be chosen.

The remaining characteristics of the post-assist orbit

are calculated with Eqs (A-26) through (A-31).

If only minor quidance corrections are made, the first

and second intercepts may be assumed to occur at the same

point in space. Thus, the post-assist orbit for the first

pass becomes a pre-assist orbit for the second pass with the

new pre-assist conditions V3 and 03 (see Fig. 27). The

zamainder of the problem is now identical to the single

assist mission, and the DOCA for the second pass, d2f may be

selected arbitrarily. The post-assist conditions (Vs. 45)

and the final post-assist orbit characteristics are computed

:with Eqs (A-18) through (A-31). The final perihelion is

given by
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=qm a5 (1 - e5 ) (6-13)

It should be noted here that

subscript notation in this chapter TO

has a different meaning than that 3 Sun
05

used in Chapter V.

Computer Program. The

computer program for a double i

assist (Program 4), illustrated VY

in the flow chart of Fig. 28, .

does not entirely follow the 2V4

method outlined in this chapter. Ii3

The values of Vb and o are Fig. 27

parametrically varied as before, Vector Geometry for

but d is found by iteration Second Assist

rather than direct calculation

for given values of m and n.

A value is selected for d, and the first assist orbit

is computedi next, m is selected, and n is varied until

Eq (6-1) is satisfied. If no value of n is found to satisfy

the equation, the next highest integer is selected for m,

and k.o on until all values of m and n up to a limiting

integer have been tried for the value of d. If no combina-

tions of m and n produce the desired orbit, then d is

increased by an increment, and the procedure is repeated

until all combinations of m and n are found with a corre-

sponding value for d.

67



GA/AE/67-4

This procedure demands more computer time than would

be required for the method developed in the chapter, but it

also avoids a major rewrite of the basic program which is

used in the two previous chapters.

In this program, m was allowed to vary from 1 to 5, and

n from 1 to 9. Obviously, the trajectories with low values

of m have the more satisfactory mission times. It is found

in the computations that Venus-assisted trajectories are not

physically realizable for m or n equal to one.

Notation changes or additions on the output of Program

4 ares

DOCAl ' d NSP ' n VINF3 N V.3, V. 0

TAUP2 r P2 TAUP Tsi TIMOP N Mission Time•P2  s

MPI m DOCA2"' d 2  QM2 ." Final Perihelion

T ' Time from Launch to Perihelion of First Pre-

Assist Orbit

THTOT 'u Heliocentric Angle from Launch to Final

Perihelion

Mission Profile. The mission profile in Fig. 29 illus-

trates the trajectory for a burnout velocity of 42,000 ft/sec

and a tangential departure. From Fig. 4 this traflectory may

be achieved by an Atlas/Centaur launch vehicle with a 300-lb

payload. This payload allows for additional guidance equip-

ment which may be required for a second pass (Ref 3).

A significant advantage of this trajectory is that the

semi-major axis of the first pre-assist orbit (0.728 AU) is

very nearly that of Venus' orbit (0.723 AU). The value of
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(Read: P 0' P' P2' 2, rP1 rp21 VP1, VP 2, RP 1 Rp TP

Calculate and Store: Departure Orbit

Characteristics for each Vb and 00

b Loop

*0 Loop ~ - ~

a I

Calculate: Pre-Assist Orbit Characteristics

and Conditions at P

Calculate: Assist Orbit and Post-Assist I I
Orbit Characteristics and Tsc

I I

~m & n Loops--

m! d od + hAd] I0S

=0 I
Calculate: Second Assist Orbit and Final I

Post-Assist Orbit Characteristics I

Write: Trajectory Results for Each dj

Fig. 28
Flow Chart for Program 4
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Trajectory Data

Launch Date: 24 Jan 1969 (JD 2440246.2)
Launch Vehicle: Atlas/Centaur di = 65,.*NM
Vb = 42,000 ft/sec, 0o = 900 d2 = 100 NM

Payload = 300 lb qm, = 0.294 AU

T 1 2 = 70.7 days qM2 = 0.201 AU

T = 567.4 days 1.55 years Orbit Ratio
OP 3

Earth at - - S

LauLcuncuVenus at a

/ \ \
/ rcep

/ / .---- \

/ /\\
/ /\

/ / /

Intercepts
qm!

1st
Intercep //

7 /Erh -- Earth
/at qM2

Earth -. Earth 2nd
at qm , . . . . Intercept

Fig. 29

Mission Profile for Double Venus Assist
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Vb which gives exactly a, m 0.723 AU may be found with a few

calculations, but suppose that this has been done. Then by

Kepler's Third Law, the period of the pre-assist orbit

matches the period of Venus. Thus, if midcourse maneuvers

fail to establish the initial intercept at Venus, a second

attempt may be made one Venus year later.

Conclusions. In the double-assist mission profile it

was found that a perihelion of 0.201 AU can be established

with the Atlks/Centaur ($11.9 million), A direct-transfer

to this perihelion, from Figs. 4 and 10, requires a much

larger booster such as the Saturn I/Centaur with an added

kick stage or a Saturn V.

The double-assist missi6ns not only reduce booster

vehicle costs, but also provide the opportunity to explore

two regions of the solar system with a single launch. For

the mission profile above, data can be obtained from the

0.3 AU region after the first pass at Venus and from the

0.2 AU region after the second pass.

Double-assist missions with different orbit ratios are

compared in Fig. 30. The left-hand end of each curve repre-

sents the smallest value of Vb with which the desired orbit

ratio can be achievedi the right-hand end represents an

upper limit on d (5000 NM) in the computations. If d is

increased, the curves may be extended as far to the right

as desired.

From this graph the most promising orbit ratio is 2/3,

because it offers short mission times, and gives physically
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realizable trajectories for almost the entire •pectrum of

Vb which is used in Venus-assist missions. The 3/5 ratio

is also attractive because of the small perihelia which

can be achieved; however, Vb for these missions must be

greater than 55,000 ft/sec which automatically demands a

more expensive booster. The 5/8 missions are discounted

for their unreasonable time requirements.

One additional note of interest on this graph is that

perihelion distance decreases (for a given Vb) with the

value of the orbit ratio.

Results of the 2/3 missions are illustrated on the

graphs in Figs. 31 through 34. In Fig, 31 double-assist

missions are compared with direct-transfer missions for

various values of d 2. The most significant reductions in

perihelia are achieved for the lower values of Vb.

The value of d required to establish a post-assist

orbit of period 2/3 T is indicated in Fig. 32 for any

value of Vb. From this graph, it can be seen that d

increases with Vb1 therefore, the effect of the first

assist diminishes as Vb increases, and only the second

assist serves to decrease the perihelion. This trade-off

property is also evident in Fig. 33, where the double-

assist missions (solid lines) are compared with the single-

assist (dot-dashed lines) and direct-transfer missions

(dashed lines) for a few values of Vb. From this graph,

if V 55,000 ft/sec, then a single-assist mission is

b
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more beneficial than a double-assist mission for d2 >

4000 NM.

An inherent disadvantage in double-assist missions

is the time requirements, as illustrated in Fig. 34 for

m/n = 2/3 and d 2 - 100 NM. Double-assist missions require

approximately 550 days or 1.15 years, whereas direct

missions require less than 160 days.

73

; 73



GA/AE/6 7-4

0 4

40)

040

4.).

In

CVI~L I4 r-I

0 0 t

(ni)

74-

I),.



GA/IiE/67-4

vr~H

it HillI
4444 iU it

Ml i T10
It :ýtH

T J2

-4.

La

o~t mA(
0 0 S 0 0 0 0 0H 0 0 0 0 0 0
T. ~ ~ ( -TW------- b----- --

+ - - -- 14 - - - -
-----------



GA/AE/6 7-4

5000

z 4000

3000

1000 ,Fi

-isi4 toVeu

K0 INi fl

76



GA/AE/6 7-4

0 0

C) C) 1; o 0

-iij- 0 024

it'0 >

0

WlI~

t fill 141,1 020

1. 1 ri 4C)

r4.

0:

0

i110 0 0 0 0i 0li 

I0i

4~~~~fy 1b tI ti,1 ,1 1i

tti77



GA/AE/6 7-4

550

T-tI

5778



I"

GA/AE/67-4

Triple Assist at Venus

The analysis for a double assist extends easily to the

case of a triple assist. The method used to determine the

first DOCA for a second intercept is again used to determine

the second DOCA for a third intercept.

For a triple assist, two relations similar to Eq (6-1)

or (6-2) must be satisfied

'SC 2 n- (6-14)

ni 2

sc2  -TP (6-15)

where mi is the number of solar circuits of P 2 , and ni is

the number of solar circuits of the spacecraft after the

ith intercept (i = 1,2). From the double-assist procedures

then, it follows that

a 3 = " (6-16)
T4 2

' •o T sc•

"aC =S (6-17)

for the semi-major axes of the first and second post-assist

orbits, respectively. The heliocentric velocity at P 2 on

the first and second post-assist orbits, respectively, is
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rp 2 a 3

V2 = (2 -. 1 (6-19)
rP2  a5

The HEV is the same for each pass due to conservation of

energy. Thus, the flight path angles *3 and %5 may be

calculated with relations similar to Eq (6-7).

The hyperbolic assist orbit at each pass is found with

Eqs (6-8) through (6-11), which give

Se2 = 1 j6--20)

sin v2

e4 = 1 (6-21)
sin V4

Finally, the required DOCA for the first two passes, respec-

tively, are given by

di = a 2 (e 2 - 1) - R2 (6-22)

S~2
d2= a4(4- 1)- R2(6-23)

Again, if a negative value is obtained for either DOCA, then

another combination of mi or ni must be selected.

The DOCA for the final pass, d 3, may be chosen as

desired, and the problem again takes the form of a single

assist. Thus, the selection of d 3 determines the third
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post-assist orbit conditions V7 and *7 shown in Fig. 35.

Finally, the post-assist orbit

characteristics are found with To

Eqs (A-26) through (A-31), and Sun

the final perihelion is

q m = a 7 (1 - e 7 ) (6-24) 575

Computer Program. Program 5 2V6

(for a triple assist) is surmia- V'i 5

rized in the flow chart of Fig.

36. The program is identical to Fig. 35

Program 4, except that a section Vector Geometry for

Third Assist
has been added to calculate the ThirdAssist

second DOCA for a third intercept.

After the first post-assist is computed (d1 , mi, n1

determined), a value is selected for d 2 , and M2 and n 2 are

varied up to some limiting integer (5 and 9, respectively)

until Eq (6-15) is satisfied. If no orbit is found for all

combinations of M2 and n2 , then d 2 is increased by an incre-

ment, and so on as in Program 4, After Eqs (6-14) and (6-15)

have been satisfied, a final post-assist orbit is computed

for various values of d 3.

Notation on the output is as follows:

DOCA2 • d 2  MP2 N m2  N6 n v 6

TAUP -r scI NS2 N n 2  QM3 N qm 3

TAUPP T sc2 DOCA3 " d 3  TIMO2 N Mission Time
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Read: pop UPI' vPr rl r rP2 Vp R , R TP

2 PI it V2P2 1p ! P2 '2]

1
Calculate and Store: DepDarture orbit

characteristics for each Vb and *0

Vb Loop

#0 Loop

Calculate: mi and n ,for a Double

Assist Trajectory as in Program 4

Calculate: Second Assist Orbit and Post- I
Assist Orbit Characteristics and TI

I I

Fig. 36

Flow Chart for Program 5
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--- ;,-d 3  
Loop I I

I I
Calculate: Third Assist Orbit t I

and Final Post-Assist I
Orbit Characteristics

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _I I
I I
I 'I

Write: Trajectory Results for Each d3

Stop

Fig. 36 (Continued)

Flow Chart for Program 5
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THTO2 1v Heliocentric Angle from Launch to Final

Perihelion

Mission Profile. A triple-assist mission is illustrated

in Fig. 37 for a tangential departure and a burnout velocity

of 53,000 ft/sec. An orbit ratio of (2/3) (5/9) is selected

so that the second assist may be completed early in the

flighty thus, a partial success is assured if capability for

a third intercept is lost during the mission.

The Atlas/Centaur/TE-364-3 is used for this mission with

a payload of 250 lb. It is assumed here that this payload

weight can be realized for a triple-assist by the 1972 time

period. A heavier package would require either a larger

booster or an additional kickstage (Ref 6, Ref 12:89-101).

Conclusions. In the triple-assist mission profile it

was found that a perihelion of 0.096 AU can be attained with

a burnout velocity of 53,000 ft/sec. A direct transfer to

this perihelion requires a burnout velocity of 68,000 ft/sec;

thus, triple assist has reduced the booster vehicle require-

ment from Saturn V/Kick Stage to Atlas/Centaur/TE-364-3. This

mission also allows the exploration of three regions (0.183 AU,

0.134 AU, 0.096 AU) near the Sun with a single launch.

Various orbit ratios are compared in Fig. 38, and again

the left-hand end of the curves represents a physical lower

limit on Vb for each orbit ratio, and the right-hand end is

limited by the highest values of d, and d 2 in the computa-

tions (5000 NM for each). The (2/3) (5/9) orbit ratio is
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Trajectory Data

Launch Dates 6 Apr 1972 (JD 2441412.8)
Launch Vehicles Atlas/Centaur/TE-364-3 dl = 2315 NM
Vb = 53,000 ft/sec, *o - 900 d 2 = 540 NM
Payload = 250 lb d3 '100 NM
T12 = 52.7 qm 0.183 AU
Top = 1659.2 days = 4.54 years = 0.134 AU
Orbit Ratio 2 5 qM2 = 0.096 AU

3 9 qM 3

_•_--Earth
-•- // •at q M3

SI Venus at \Earth
-I Launch \3rd

N / / /

S\\- IntrpSun M3 \\/ arth

/r at q T
/J

at Venus atS\ Earth

V /s

/an Launrch t3r

S /Earth

\ •.// / 2nd
\ ... . I / Intercept

Earthq-t

ast Earth
Intercept at qme

S~Fig. 37

Mission Profile for Triple Venus Assist
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the most favorable for two reasons: mission time is

comparitively short, and trajectories are realizable for a

wide range of Vb. From the figure there are three orbit

ratios which yield smaller perihelia, but these cases are

discarded because of long mission times ((5/8) (5/9) and

(3/5) (5/9)) or high burnout velocity requirements ((4/7)

(1/2)).

Results for the (2/3) (5/9) missions, illustrated in

Fig. 39 through 42, indicate the same trends which were

found in the 2/3 double-assist missions.

Triple-assist and direct-transfer missions are compared

in Fig. 39; it is found that the perihelion may be reduced

by as much as 0.28 AU with a triple assist.

The required values of the first and second DOCA are

shown in Fig. 40. The value of d, increases with Vb, where-

as d. decreases with Vb. If it turns out that the multiple-

assist navigation system is limited to one particular DOCA

for each intercept, then a burnout velocity of 48,500 ft/sec

must be used and dI = d2 = d3 - 1000 NM. This trajectory has

a perihelion of 0.125 AU.

The trade-off property for double-assiAt missions is

also found in the triple-assist missions. This is illustrated

in Fig. 41, where the triple-assist missions (solid lines)

for any value of d 3 are compared with double-assist missions

'dot-dashed lines) with d2 = 100 NM. At a burnout velocity

of 45,000 ft/sec, the perihelion for a triple assist is
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smaller than the perihelion for a double assist only if

d 3 < 11,000 NM,

The time requirements for triple-assist missions, shown

in Fig. 42, indicate that these trajectories are of question-

able value. Mission time is about 1670 days (4.6 years)

which demands a spacecraft reliability well beyond present-

day capability.

It is probable that the mission time for a multiple

assist can be shortened by effecting one or more of the

assists at the point where the post-assist orbit makes

its first crossing of the assist planet orbit (rather

than the point of the second crossing which was used for

each assist .,.n the above investigation). This possibility

is left for further study;- however, it is doubtful that

the perihelia obtained in these missions will be smaller

than those found above.

8
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VII. Three-Dimensional Gravity-Assisted Trajectories

Purpose and Scope

The method outlined in Chapter III for tw6-dimensional

gravity-assisted trajectories was applied to specific

missions in Chapters IV through VI. The purpose of this

chapter is to outline an extension of that method for the

case of three-dimensional gravity-assisted trajectories.

This development will then be used in the out-of-ecliptic

mission studies of Chapters VIII and IX.

Coordinate Systems

The coordinate systems (see Fig. 43) which are used

in the three-dimensional analysis are as follows:

1. The XlYIZ 1 coordinate system is a planetocentric

system with its origin 01 located at the center of mass of

the departure planet P1 . The X1 axis lies along Vp I (the

velocity of P1 about the Sun), the Y1 axis points toward

the Sun, and the Z1 axis forms a right-hand system.

2. XYZ is an ecliptic coordinate system with origin 0

at the Sun. The Z axis is directed towards the north-pole

of the ecliptic; the X-Y plane lies in the ecliptic such that

the Y axis points toward P1 at launch, and the X axis forms

a right-hand system.

3. The pre-assist orbit system, xyz, is an orbital

reference system located at the Sun. This system defines

the heliocentric longitude of the spacecraft between the
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time of launch at P1 and intercept at P2. The z axis points

to the north pole of the pre-assist orbit plane; the x-y

plane lies in the pre-assist orbit plane so that the y

axis lies along the Sun-spacecraft line, and x forms a

right-hand system.

4. The X'Y'Z' coordinate system is another ecliptic

system with its origin 0' at the Sun. The X'-Y' plane lies

in the ecliptic so that the X' axis points in the direction

of a line drawn from P2 to the Sun at intercept and the Y'

axis lies opposite to the direction of Vt" The Z' axis is

perpendicular to the ecliptic and forms a right-hand system.

5. The axes of the X2 Y2 Z 2 coordinate system are parallel

to the respective axes of the X'Y'Z' system, but the origin

02 lies near P2 at the point of intersection of the inbound

and outbound asymptotes of the assist hyperbola. The system

moves with P2 about the Sun and the X2-Y2 plane lies parallel

to the ecliptic (not necessarily in the ecliptic).

6. The origin of the x 2y2 Z2system is also located at

0 2 , but the x2-y 2 plane lies in the plane of the assist orbit.

The Y2 axis points opposite to the V-,i vector, the x 2 axis

lies in the direction of the x 2 component of .0o, and the z2

axis forms a right-hand system.

A General Aproach to the Problem

The problem of three-dimensional gravity assist is best

introduced with a discussion of the underlying motivations

for the technique presented in the next section. The plan
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here is to construct two example problems, and to describe

a method of attack for each.

For the first example (see Fig. 44), consider an assist

orbit which lies in a plane perpendicular to the ecliptic,

such that the spacecraft enters the SOI above the ecliptic

(with V.i in a plane parallel to the ecliptic), passes P2

along a north-south meridian, and exits the SOI below the

ecliptic. Addition of V'i to the planet's velocity Vp2 I

as in Eq (3-1), gives V1, the required velocity of a pre-

assist orbit at P2.

From the corollary presented in Chapter III it is

argued that the pre-assist orbit may be assumed to enter the

SOI at any point. Thus, it is safe in this example to choose

a pre-assist orbit which lies in the ecliptic. The assump-

tion of circular and coplanar planetary orbits contradicts

the possibility of this scheme; however, minor velocity

corrections (which have little influence on the burnout

conditions at PI) serve to establish the slight pre-assist

orbit inclination necessary to achieve the desired entry

point.

For a more general example, consider the assist orbit

in Fig. 45 which has a given DOCA and orientation within

the So, of P2 . The plane of the assist orbit may be related

to the ecliptic by three Euler angle rotations (a, 6, 8 as

described in Appendix B), from the x2y2z2 orbit system to

the X2Y2 Z2 planet system, where the origin of these systems

is located at the intersection of the inbound and outbound
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Inbound Asymptote
(Parallel to Ecliptic)

Outbound d
Asymptot Edge View of

/ Ecliptic PlaneP2

Assist Orbit in
Plane of Paper

Fig. 44

Assist Orbit Example

//'/// Planetofrt

Assist Orbit

V-
Of P2

V0

Fig. 45

General Assist Orbit
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asymptotes of the assist hyperbola.

The assist orbit again defines V'i and addition of

this vector to V. gives V1 which determines the conditions

of a pre-assist orbit at P2. In general, this orbit is

inclined at some angle i which can be determined from the

components of V, in the XYZ ecliptic system. If this inclin-

atibn is small (a fraction of a degree as shown in the next

section), the pre-assist orbit may be assumed to lie in the

ecliptic like the previous example, but if it is not small

then either a large midcourse correction (broken-plane

transfer) or a 1800 transfer (from P1 to P2 ) is necessary.

In a similar fashion, the given assist orbit defines

0 which is added to V2 for the post-assist velocity V3.

Components of this vector give the post-assist orbit inclina-

tion i3,

The inclination of planetary orbits serves only to

enhance the feasibility of the above examples when the pre-

assist orbit lies nearly in the ecliptic plane. A launch

date may be selected such that the spacecraft enters the

SOl at a time when P2 is sufficiently below the ecliptic.

However, the assumption of circular coplanar planetary

orbits is retained, because it is desired to investigate the

effects of gravity assist alone.

Three-Dimensional Gravity Assist Method

A three-dimensional gravity-assisted trajectory is

broken into the same conic orbits which were defined in
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Chapter III: departure orbit, pre-assist orbit, assist

orbit, and post-assist orbit.

Departure Orbit. The departure orbit is defined, as

before, with the selection of a burnout velocity Vb. The

choice of a departure flight path angle *o and an inclina-

tion angle i for the pre-assist orbit determines 0 , the

heliocentric velocity at P1. These quantities are illustrated

in the X1Y1Zl system in Fig. 7.

Pre-Assist Orbit. A necessary condition for the pre-

assist orbit is that it must intercept the Sol of P2 . This

condition is satisfied for either of the following classifi-

cations:

1. Category I Trajectories - the pre-assist orbit for

these trajectories lies in the ecliptic or slightly out of

the ecliptic, as explained below.

2. Category II Trajectories - the pre-assist orbit for

these trajectories lies out of the ecliptic and the heliocen-

tric transfer magle 612 is 1800.

For Category I trajectories the specified inclination

angle must be small enough to allow the spacecraft to pass

no further than a distance Pp2 above P 2 , where pP2 is the

SOI radius. As shown in Chapter III, the SOI radius for

Venus subtends a heliocentric angle of about 0.33*; this

angle is also the maximum allowable inclination for a

transfer of 012 , 900. The maximum inclination increases

as the transfer angle increases or decreases from 90*.
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For Category II trajectories, when 012 = 1800, the

Srquired inclination angle must be computed for given

values of Vb and •0. Details of this computation are found

in Ap-.ndix C.

The velocity V, and flight path angle ý, at entry to

4ý* the SOl of P2 (r = rp 2 ) are computed from the pre-assist

orbit characteristics. In order to find the compo?-,nts of

V, in the X2Y2 Z2 system, a coordinate transformation is

made from the xyz pre-assist orbit system to the XYZ ecliptic

system, and from the XYZ to the X'Y'Z' ecliptic system.

Finally, the components of 7, in the X'Y'Z' system are trans-

lated to the X2Y2 Z2 system.

Assist Orbit. The inbound HEV at P2 is found by adding

0 the components of V1 and V2 in the X2Y2Zz system with the

usual relation

o:V.i = V, - VP 2 (3-1)/

The orientation of V.i with respect to P2 is given by the
' 40~0right ascension a and declination 6 shown in Fig. 46.

As mentioned in the previous section, three Euler

angles must be used to relate the position of the x2y2 z2

i system to the X2Y2Z2 system. Two of these angles are

I•• found above (a and 6), but the third (3) must be specified

and is used as an arbitrary parameter in the calculations.

This procedure allows the computation of all possible

- sct orbits for a given pre-asciot orbit, and subsequ,,ntly

a tbe arqe of 9r)v:i:y-ac;ist perfo rmacs for any
&n a3 f ra
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z2JV!

Component of V VI P2 22. -

in X2 Y2 Pan\X

Component of V•
V1  in X2 Y2 Plane

Fig. 46

Pre-Assist Velocity Vectors

Z2
Z22

1012

2Y

Component of V3-" /
in Y2 Z2 Plane 0-

Fig. 47

Post-Assist Velocity Vectors
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planet P2 .

The selection of a DOCA, as for the two-diinensional

case, determines the turn angle 2v which gives the

direction of Vwo in the x2 y2Z2 system.

Post-Assist Orbit. The components of V.o are trans-

formed from the x 2Y2 Z2 to the X2Y2Z2 system, and the helio-

centric velocity of the spacecraft as it leaves the SOl is

73 VP 2 + (3-2)

The components of V3 in the X2Y2 Z2 frame (see Fig. 47) are

used to determine the flight path angle *3 and the inclina-

tion i3 of the post-assist orbit with respect to the ecliptic.

Visualizatioru of Three-Dimensional Gravity Assist

The velocity vector diagrams ini Fig. 16 for two-

dimensional trajectories extend logically to three-dimensional

trajectories; the circular locus of outbound HEV vectors here

becomes a spherical locus. A complete summary of the velocity

vectors at P2 is shown in Fig. 70 of Appendix B. As in Fig.

16 the diagram may be broken into two frames of reference:

one with respect to the Sun (Fig. 43) and one with respect

to P2 (Fig. 45).
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VIII. Out-of-Ecliptic Assist at Venus

In this chapter the three-dimensional method is applied

to Venus-assisted solar probe trajectories. The purpose here

is to investigate the effectiveness of a Venus assist for

both a reduction in perihelion and an increase in the inclina-

tion angle. The trajectories are divided into the two clas-

sifications defined in Chapter VII: Category I trajectories

and Category II trajectories.

Category I Trajectories

As mentioned in the previous chapter, the pre-assist

orbit for Category I trajectories may lie no more than 0.33*

out of the ecliptic for 012 = 900. As 012 increases or

decreases from 900 (but does not approach 1800) the maximum

allowable inclination increases by less than about 0.20.

It was found in the investigation that a 0.10 change

in pre-assist orbit inclination produces less than a 0.1%

change in the characteristics of the post-assist orbit.

Therefore, only the results for zero inclination angle are

included, since they are sufficiently representative of all

trajectories in this category.

Also, the results for non-tangential departure are not

reported, since time requirements are of less concern here

than burnout velocity requirements.

Computer Program. The program for Category I trajec-

tories (see Fig. 48) includes a parametric variation of five

quantities in the order listed: burnout velocity Vb, fligtlt
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ýRead: pol Up, I P 2 rP, r P2 VP , Vp2, Rp I Rp , Pp

Vb Loop - -i

i Loop

Calculate: V 20

I I

>01
Calculate: X1 Y1 Z1 " Components of 70  -

and Pre-Assist Characteristics;

Matrix A and XYZ Components of F,

>0I

Excessive i $0

Calculate: Matrix C and X2 Y2 Z2  I
Components of 7,; /

X2Y2 Z2 Components of Vwi; a and 6

Write: Pre-Assist Characteristics I
~and Conditions at P2

Insufficient Vb

Fig. 48

Flow Chart for Program 6
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Y

L~.oop

Calculate: Matrix D

d Loop I

Calculate: X2 YZ 2 Components of Vo

FM, and 3;

Post-Assist Inclination i
and Characteristics I

;Ij

jIIWrie:Trajectory Results for each jjl

Stop

Fig. 48 (Continued)

Flow Chart for Program 6
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path angle 0o, pre-assist orbit inclination i, assist

orbit orientation angle 8, and DOCA d.

The pre-assist orbit is calculated by the same tech-

niques used in Program 1 for out-of-ecliptic direct-transfer

trajectories. If riz > P (Eq B-5) at the assist planet,

then the pre-assist inclination is too large for an inter-

cept and a new value of 0o is selected.

The transformation matrix C, denoted by E in Program 6,

is used to find the components of V1 in the X2 Y2 Z2 reference

system. The right ascension a and declination 6 are calcu-

lated, and a value is selected for the angle B. These

angles determine the transformation matrix D, denoted by F

in the program, which is used with a selected DOCA to find

components of V- 0 and Fm in the X2Y2Z. system. Finally, the

components of V3 give i 3 and the post-assist orbit character-

istics.

Notation on the printed output is as follows:

VOXVOYVOZ , Components of V0 in X Y Z, system

VlX,VIY,V!LZ ' Components of V1 in X2Y2Z2 system

RlXP,RlYP,RlZP ' Components of r in XYZ system

V3XV3YV3Z A, Components of V 3 in X2Y 2Z2 system

DXDYeDZ A Components of F. in X2 Y 2Z2 system in units

of P 2 radii

13 ' Inclination of Post-Assist Orbit

A2 •3 emi-Major axis of Assist Orbit in P2 Radii.

ViNFXY AU Vix ALP Ow 6

PSI " a BETA B
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Mission Profile. The mission profile in Fig. 49 is

designed for an Atlas/Agena launch vehicle and a 200-lb pay-

load with a burnout velocity of 40,000 ft/sec.

It is assumed that the guidance and navigation require-

ments for missions out of the ecliptic are the same as those

for missions in the ecliptic, so that no additional payload

is required for a three-dimensional assist.

The assist at Venus has tilted the heliocentric orbit

of the spacecraft to an inclination of 10.60, and has

increased the perihelion from 0.540 AU for the pre-assist

orbit to 0.552 AU for the post-assist orbit.

Conclusions. The graph in Fig. 12 indicates that a

perihelion of 0.552 AU and an inclination angle of 10.60

for a direct-transfer orbit requires a burnout velocity of

a little more than 43,000 ft/sec. An Atlas/Agena ($7.9

million) was used in the mission profile above, but an

Atlas/Centaur ($11.9 million) with a small kick stage is

required for the direct-transfer. Thus, a few million

dollars can be saved by using a Venus assist rather than

a direct transfer for this mission.

Fig. 50 is a plot of post-assist orbit inclination

angle i 3 and perihelion qm for various values of burnout

velocity Vb (solid lines) and orientation angle 8 (dashed

lines). These curves are plotted directly from computer

output for a DOCA of 100 NM. The dotted line on the right-

hand side of the graph is a locus of maximum i 3 for any Vb.
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Trajectory Data

Launch Date: 22 Jan 1969 (JD 2440243.8) a = 92.90
Launch Vehicle: Atlas/Agena 6 = 00
Payload m 200 ib 80°
Vb = 40,000 ft/sec
h = 900, i = 0*
T12 = 81.1 days

Top = 128.4 days
d = 100 NM
qm = 0.552 AU VP2
i3 = 10.60

Assist at Venus
Orbit

Earth
at Lau Venus at/ Launch

/ // /

Plane of
/I Post-Assist

S/ Orbit (10.60
/ below ecliptic)

II I'

/ ~/

Earth Venus
at at \ /Ine- ntercept"Inter- \

cept N

Earth at qm"-•-•Fig. 49

Mission Profile for Venus-Assisted Category I Trajectory
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This line indicates that the highest inclination angles are

achieved with either low or high burnout velocities (approx-

imately 40,000 or 70,000 ft/sec respectively). It can be

concluded from this graph that a Venus assist produces, at

best, an inclination of about 100.

Fig. 50 also indicates that a large gain in i 3 reflects

a substantial increase in perihelion. For instance, at

Vb = 40,000 ft/sec, perihelion increases slightly from 0.337

AU to 0.357 AU for a change in i 3 from 00 to 50, respectively;

however, the perihelion increases rapidly to 0.550 AU for

i = 10.55'.

A plot of maximum inclination angle versus burnout

velocity is given in Fig. 51 for various DOCA values. These

curves are obtained from a plot of a versus i 3 for each

value of Vb and d; the maximum value of i 3 is then transferred

to Fig. 51 and a locus is obtained for each value of d. The

double maximum observed in Fig. 50 is again evident in Fig.

51 for each value of d.

The perihelion for maximum-inclination missions and

ecliptic direct-transfer missions (dashed line) is compared

in Fig. 52. From these curves it is found that perihC'ion

may be significantly reduced for the lower range of Vb. For

instance, at Vb = 41,000 ft/sec and d = 100 NM, perihelion

is reduced from 0.71 AU for direct transfer (100 inclination)

to 0.50 AU (10.450 inclination) for Venus assist.

Figs. 51 and 52 also indicate that variations in DOCA

below 1000 NM do not strongly affect the post-assist orbit.
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A change in d from 0 to 100 NM decreases'.the inclination by

about 20 and increases the perihelion by less than 0.01 AU.

A comparison of Fig. 53 with Fig. 21 indicates that the

m'ission time for Category I trajectories is about the same

as for single Venus-assist missions in the ecliptic.

In summary, Venus-assisted Category I trajectories are

useful for 100 out-of-ecliptic solar probe missions with

perihelia of about 0.3 AU. The best gains for these

trajectories (decrease in perihelion and increase in inclina-

tion) are realized for the lower range of burnout velocities

around 40,000 ft/sec.

11
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Catego2r LI Trajectories

The analysis for Category 1I trajectories is identical

to that used for Category I trajectories, except that the

pre-assist orbit inclination must now be computed, rati~er

than specified, for the given values of burnout velocity Vb

and departure flight path angle *0" This inclination angle

is plotted in Fig. 54 as a function of Vb for a tangential

departure; derivation of the equation for this curve is

given in Appendix C.

As deZined in the previous chapter, the heliocentric

transfer angle 612 for these missions is 1800. For a given

value of *O, the pre-assist orbit inclination increases

with Vb; therefore, any additional burnout velocity above

the Winimum Vb for a Venus intercept (Hohmann transfer which

req..,ires 37,700 ft/sec) is used to tilt the pre-assist orbit

out of the ecliptic.

Computer Program. The program for Category II trajecto-

ries (Program 7 in Appendix E) is identical to Program 6,

except that the pre-assist orbit inclination is calculated

for each value of Vb and *. A flow chart for this program

can be obtained by replacing the i loop in Fig. 48 with a

box for the calculation of i. The same transformations are

made and the same notation is used for both programs.

Mission Profile. The Atlas/Centaur/TE-364-3 launch

vehicle is used for the mission profile in Fig. 55. From

Fig. 4 the burnout velocity for this vehicle for a 250-lb

payload is 53,000 ft/sec. This velocity provides a pre-
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assist orbit inclination of 23.0, and the assist at Venus

increases this inclination to 24.90.

The perihelion of the pre-assist orbit, since this is

a cotangential transfer, is necessarily equal to the mean

orbital radius of Venus (0.723 AU). After the assist this

perihelion is reduced to 0.529 AU.

Conclusions. In the mission profile above, it was

found that a perihelion of 0.529 AU and an inclination of

24.90 can be achieved with an Atlas/Centaur/TE-364-3 ($16

million) by using a Venus assist. Fig. 12 indicates that a

burnout velocity of 55,700 ft/sec is necessary to attain the

same perihelion and inclination with a direct transferl

thus, a Saturn I ($29.8 mill.Von) is required for this mission.

Fig. 56, similar to Fig. 50, is a plot of perihelion

versus post-assist orbit inclination for various values of

burnout velocity Vb (solid lines) and orientation angle B

(dashed lines). The heavy line which divides the right and

left sides of the plot represents a Vb of 51,322 ft/sec.

This particulex burnout velocity and its associated pre-assist

inclination combine to give

V1  = (8-1)
Y2

That is, the component of V! in the direction of motion of

Venus is equal to the velocity of Venus about the Sun.

Burnout velbcities to the left of the heavy line give

V.•. Y VP2P so that for 00 = 900 the right ascension a of
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the inbound HEV vector is 00 that is, the spacecraft enters

the SOI behind the planet and exits the SOI in front of the

planet. Likewise, the right half of the plot is for burnout

velocities which give Vy2 < VP2, and a = 1800 so that the

spacecraft enters the SOI in front of P2 and exits to the

rear.

Thus, the angle a switches from 00 to 1800 along the

dividing line. This transition must be accompanied by a

change in sign of the orientation angle 8, so that aphelion,

rather than perihelion, is achieved at P2.

Fig. 56 indicates that the minimum perihelion and maxi-

mum inclination angle for a given Vb occurs for 8 = +900 on

the left side of the plot and 8 =-900 on the right side.

Thus, 8 = t90* represents. the most desirable Category II

trajectories, and further results of these missions are

presented in Figs. 57 and 58.

Fig. 57 is a plot of post-assist orbit inclination i 3

as a function of Vb. for various values of DOCA. A plot of

pre-assist orbit inclination (dashed line) from Fig. 54 is

superimposed on the graph so that i3 may be compared with

inclination before the assist. It is found that gravity

assist does not significantly increase the inclination for

Category II trajectories,. The greatest increase, for the

higher range of V)b, is only about 3 to 4 degrees.

The perihelion for Category II trajectories is shown

in Fig. 58 as a function of Vb. Significant reductions in
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Perihelia (below the 0.723 AU perihelion of pre-assist

orbits) can be obtained in these missions. The smallest

perihelion is 0.439 AU at a burnout velocity of 41,500

ft/sec.

Mission times, shown in Fig. 59, are slightly longer

for the Category II trajectories than for direct-transfer

trajectories, but are well within reason for solar probe

missions.

In cbnclusion, Venus-assisted Category II trajectories

are useful for 200- to 300-out-of-ecliptic missions with

perihelia of about 0.45 to 0.55 AU. A Venus assist offers

little improvement in pre-assist inclination# but serves

to reduce the perihelion by as much as 0.28 AU.
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XI, ~rAsitmissions

As stated in the introduction, Jupiter-assisted trajec-

tories have been thoroughly investigated in the literature.

However, a brief study of these missions is conducted here

so that the results may be directly compared with other

missions in the thesis,

Only Category I trajectories are used for Jupiter

missions because of the high launch, energy required for

an out-of-ecliptic pre-assist orbit.

Computer Programmin

The program for Jupiter-assisted missions is identical

to Program 6 , except that a few modifications are necessary

to account for the fact that the pre-assist orbit lies out-

side, rAther than inside, the Earth's orbit. The first of

these modifications is a sign change in Eq (2-4) for the

heliocentric departure velocity Vo.

Eq (2-18), for the true anomaly at Earth launch, must

be modified to read as follows:

f, = arc tan (tan fo), if tan f, > 0
(10-1)

f, = arc tan (tan f,) + w, if tan f, < 0

A similar change is required for fl, the true anomaly at P2.

Many of the post-assist orbits for Jupiter-assist missions

are hyperbolic (solar system escape with Jupiter assist is

investigated in Refs 11 and 13). These trajectories are

avoided as follows: if the quantity rp 2 V2 /pe is less than
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2 (Ref 21072), the post-assist orbit is elliptic, and the

trajectory results are printed; otherwise, the traje tory is

hyperbolic, and another set of parameters is selected.

Conclusions

Fig. 60 is a plot of perihelion versus burnout velocity

for a Jupiter assist in the ecliptic (i 3 = 8 = 0el) Solar

impact can be achieved with burnout velocities between 51,000

and 53,000 ft/sec for a DOCA of 500,000 NM (13 Jupiter radii).

Smaller DOCA values can be used to provide retrograde post-

assist orbits with small perihelia.

Out-of-ecliptic performance of Jupiter-assist missions

is shown in Fig. 61, where perihelion qm and post-assist

inclination i 3 are plotted (with DOCA = 500,000 NM) for

various values of orientation angle B (dashed lines) and

burnout velocity Vb-(solid lines). From this graph it L.s

found that 90 0 -out-of-ecliptic orbits with perihelia less

than 0.1 AU can be achieved with burnout velocities above

52,000 ft/sec. The best solar probe missions are attained

when B is about 100.

A summary of revults for 900-out-of-ecliptic missions

is given in. Table III. Thescý missions are obtained from

a plot of i 3 versus DOCA for each burnout velocity at

0 - 100. The DOCA for i 3 = 900 on this plot (second

column in Table III) is used to interpolate the data on

the computer printout for qm and Top.

The values of Top and Vb in Table III are plotted on
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the rraph ix Fig. 62. Also included on the graph is a

plot of mi~ion time for trajectories in the ecliptic with

a DOCA of 5.0,000 NM. Little difference is found between

the time requirements for Jupiter-asSist missions in or

out of the ecliptic plane.

In summary, it should be noted that Jupiter-assisted

trajectories can be achieved with present-day launch vehicles. I
An Atlas/Centaur/TE-364-3 is capable of providing a burnout

velocity of 52,000 ft/sec with a 300-lb payload. This launch

velocity, combined with a Jupiter assist, can produce a

perihelion of about 0.05 AU and an inclination of 900.

The disadvantage of Jupiter assist, however, is the

three-year mission time involvedl also, depending on orbital

inclinations, the spacecraft may be required to pass through

the asteroid belt which significantly reducps the reliability

of these missions.
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Table III

900-OUT-OF-ECLIPTIC JUPITER-ASSISTED TRAJECTORIES

Vb (ft/sec) DOCA (NM) qm (AU) Top (years)

51,000 380,000 0.059 3.17

52,000 500,000 0.048 2.73

53,000 530,000 0,056 2.51

54,000 540,000 0.044 2.36
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X. Conclusions and Recommendations

Solar Probe Missions in thce, Ecliptic

Direct-transfer trajectories, characterized by high

reliability and launch-date insensitivity, are preferred

for solar probe missions to about 0.5 AU in the ecliptic.

However, the burnout velocities required for smaller

perihelia make it necessary to use expensive launch

vehicles such as thý Saturn I nr Saturn V.

It has been shown in the thesis that a gravity

assist at Venus can be used to significantly reduce the

perihelion of solar probe trajectories. A few extra

pounds of planetary-approach guidance equipment act as a

substitute for large and expensive booster vehicles.

The multiple-assist missions at Venus offer an even

greater savings in launch vehicle costs. The Atlas/

Centaur/TE-364-3 ($16 million) can achieve smaller perihelia

with multiple assist than a Saturn V ($125 million) with

direct transfer. An additional advantage of these missions,

despite their long time requirements, is that solar data

can be collected over several regions of space with a

single launch.

It is recommended that planetary-approach guidance

techniques and space-vehicle reliability be improved for

an attempted triple-assist mission. The probability of

accomplishing the first passage at Venus is near certainty

with present-day technology. If the second or third
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passages fail, the mission can be classed as a partial

success, for data will have been collected over at least

one solar region.

Multiple-assist missions are the most reliable of any

of the gravity-assist missions in the thesis. Trajectories

can be designed, as shown in the double-assist mission

profile, such that the pre-assist orbit period is equal to

the period of Venus' orbit. This provides the opportunity

for further attempts to pass Venus, if one should fail.

The Mercury-Venus combination-assisted trajectories

were found to be more trouble than they are worth. It is

also concluded from that investigation that Mercury is

of little value as an assist planet.

Jupiter offers the best performance for gravity-assisted

trajectories; in fact, retrograde orbits can be obtained.

However, the time requirements, communication difficulties

during the flyby, and penetration of the asteroid belt inke

these missions prohibitive. In spite of these drawbacks,

a Jupiter assist is necessary to achieve perihelia less

than about 0.05 AU with current launch vehicles.

Out-of-Ecliptic Solar Probe Missions

The launch energies for direct-transfer trajectories

more than 200 out of the ecliptic require the use of the

Saturn I or Saturn V. It has been shown that Venus-assisted

Category I and II trajectories are useful in reducing this

laurnch requirement.
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.The Category I trajectories are recommended for l0°-

out-of-ecliptic missions. The perihelia for these trajec-

*. tories is about 0.2 AU less than that obtained with direct-

transfer.

It is suggested that Category II trajectories be used

i-r 200- to 300-out-of-ecliptic missions. Most of the

launch energy for these missions is devoted to the required

pre-assist inclination, but a Venus assist serves to reduce

the perihelion by as much as 0.28 AU.

A Jupiter assist is necessary to achieve inclination

angles above 300. Direct-transfer trajectories with these

inclinations require launch velocities much greater than

present-day technology can provide.

The attractiveness of the 900 -out-of-ecliptic trajec-

tories obtained with a Jupiter assist cannot be overlooked.

These missions are reconmmended for future consideration

when spacecraft can be designed to withstand a three-year

mission time, and when planetary-approach guidance techniques

have become more perfected.
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Appendix A

Two-Dimensional Gravity-Assist Equations

Departure Orbit

The burnout velocity on a direct-ascent hyperbola at

the departure planet P1 is given by

=2 2
v p + --- (2-4)b P1 RP1

Selection of Vb. After choosing a value for Vb, the

HEV at P becomes1

1/2

V =V -_ _ (A-l)

Pre-Assist Orbit

Characteristics of the pre-assist orbit are calculated

with the same equatiohs which were used for the heliocentric

transfer orbit in Chapter II. However, the initial steps

for finding Vo are more direct, since the orbit is now two-

dimensiona±.

Selection of *_. A departure flight path angle *0 is

selected, and the Law of Sines is used to determine the angle

,il shown in Fig. 63:

VP1 Cos 00
sin ,I 0 (A-2)
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Calculation of Vo. Alsc from Fig. 63

n = f - arc sin (sin n1) (A-3)

and a I=i/2 - n + 0 (A-4)
ci 0

Finally, from the Law of Sines,

IVP, vp1

V0  V0 =VO sin ct (A-5)
I Cos 00

To Sun Pre-Assist Orbit Characteristics.

Fig. 63 The equations for pre-assist orbit

Launch Geometry characteristics derived in Chapter II,

are listed here for convenience:

(P1  0 )V2 /1 Cos sin 00
tan f 1 -(rp, V2o /i) sin2*0  (2-10)

a, 2 - rp V2  (2-11)
0 0

e (rP2 V2 / - 1) 2 sin2 o +cos 2z (2-12)

A necessary constraint on the pre-assist orbit is that

its perihelion must be at least as small as the assist planet

aphelion. According to the assumption of circular and

coplanar planetary orbits, with the exception cf Mercury, the
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assist planet aphelion is taken as the mean distance of the

planet from the Sun. This constraint may be expressed as

rp 2 >, a, (1 - el) (A-6)

where rp 2 is the mean distance of the assist planet from the

Sun (aphelion of Mercury, if Mercury is used as the assist

plane.) and a, (1 - el) is an expression for the perihelion

of the pre-assist orbit.

Pre-Assist Orbit Conditions at the Assist Planet. As

explained in Chapter III, the pre-assist orbit is assumed to

end at the point where it first intersects the orbit of the

assist planet. Thus, the heliocentric radius of the pre-assist

orbit at the time of intercept is given by

r = rp2 (A-7)

Eqs (A-7) and (2-11) are used to compute the spacecraft veloc-

ity with respect to the Sun at intercept:

frmtevsviv, (A-8)
rp a

from the vis-viva integral. Also, for the flight path angle

(Ref 16:83),

i ~sin •!=-- '(A-9)
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The true anomaly, using Eqs (A-8) and (A-9), is given by

(rp2 VI /•o)cos o, sin
S12v1tan f1  (rP /" i2+ (A-l0)

where., f1 = arc tan (tan fl) (A-11)

The heliocentric transfer angle from P at launch to P2

at intercept is

012 = f fo (A-12)

and the transfer time is

T12 o t (a,, po' el, fl) " t (ap, Vo, e1, f0) (A-13)

Assist Orbit

Fig. 64 which was discussed in Chapter III is used to

write a vector expression for the inbound HEV of the space-

craft with respect to the assist planet

V WV -v (3-1)
i - p2

The magnitude of this velocity is found by using the Law of

Cosines:

V2 -V2 + V2 -2V Vp sin2 (A-14)

An expression for the HEV on a hyperbolic orbit (Ref

16096) is used to find the semi-major axis of the assist

hyperbola:
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IIP2 (A-15)

To Sun

Now an additional parameter

must be selected in order to

V 73  completely determine the geometry

of the assist hyperbola - the

V1 DOCA which is denoted by d in

0V the mathematical expressions.

2v Selection of d. The

V.i distance between the vertex and

focus of the assist hyperbola is
Fig. 64 given by

Assist Geometry at P2 rm =aa (e 2 -l) (A-16)

from orbital mechanics (Ref 2:152). The eccentricity, e 2,

is undetermined in Eq (A-16), but can be found by assigning

a value to d, where

rm = RP2 + d (A-17)

Eqs (A-16) and (A-17) are then combined as follows:

e2 = a P- %+ a 2 +d) (A-18)
2

The angle v between the hyperbola asymptote and conjugate axis

is given by

sin v -- (A-19)e2
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As explained in Chapter III, the effect of gravity

assist is to rotate the inbound HEV vector Vi through an

angle 2v in the plane of motion. The direction of this

rotation depends upon the side of P2 which is passed by the

spacecraft. In this report, since it is desired to slow the

spacecraft with respect to the Sun, 7wi is rotated counter-

clockwise into the vector 7o as shown in Fig. 64.

For navigation purposes, it is convenient to use the

impact parameter or aiming vector which is the perpendicular

distance from a point on the hyperbolic asymptote to the

center of mass of P2 . The distance is given by (Ref 2:152)

+ 2
ra = rm 1 + p2  (A-20)

a m r.m V2

The impact parameter has not been used in the computations,

since this study is not concerned with navigation, but it is

given here to show that it can easily be found from quantities

which have been derived thus far.

Post-Assist Orbit

The post-assist orbit is assumed to originate at the

end point of the pre-assist orbit, so the heliocentric radius

at intercept is again given by Eq (A-7). Characteristics of

this orbit are then computed from the post-assist velocity V3,

and flight-path angle *3"

Post-Assist Orbit Conditions at the Assist.Planet. The

heliocentric velocity V3 is determined from Fig. 64 as follows:
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V3  VP2 + V.0  (3-2)

The angle 4 in Fig. 64 may be used to find the magnitude of

V3 . From the Law of Sines,

V1
sin (2v + 4) = - cos 01 (A-21)

VWi

and 4, = arc sin [VLi cos - 2v (A-22)

The Law of Cosines gives

V2 = VP2 + V2 - 2Vp V. cos , (A-23)

where, of course

V20 = Vi (A-24)

The direction of V3 is specified by the flight path angle

Cois = 03 0 sin (A-25)
V3

The true anomaly of the post-assist orbit at P2 is

given by

(rp 2 V2 /Uo) cos *3 sin (3tan f3 P2 (A-26)

1 - (rp 2 v2 /P,,) sin2* 3

Post-Assist Orbit Characteristics. The orbit conditions

in the previous section are used in the following equations

for the post-assist orbit characteristics:
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rP2
as 3 V2 . (A-27)

2- (rp 2 V3 /ii1

02 Vr2 v/ U 1)2 sin2 3 +' C052* (A-n28)

The tot,! time from launch to perihelion is

Top = T 1 2 - t (a 3 , U., e3, f 3 ) (A-29)

and the aphelion and perihelion of the post-assist orbit are,

respectively,

ra -a 3 (1 + e3) (A-30)

qm a3 (1- e) (A-31)
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Appendix B

Three-Dimensional Gravity-Assist Equations

Departure Orbit

Selection of Vbe The HEV at the departure planet P1 is

found with the same expression used in the two-dimensional

trajectories:

2p 1/2
-CP V (A-1)

for a given value of Vb.

Pre-Assist Orbit

Characteristics of the pre-assist orbit are found with

the heliocentric-transfer orbit equations of Chapter II.

These equations are listed again for completeness of the

derivation.

Selection of o,, i. The X1Y1 Zlcoordinate system, shown

in Fig. 7, is used to write an equation for the heliocentric

velocity at launch:

Vo = Vp1 sin 0. cos i-

P1 sin2
0 cos 2i + V - V2  (2-9)

Pre-Assist Orbit Characteristics. The geometric proper-

ties of the pre-assist orbit are computed as outlined in

Chapter II and Appendix A:
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(rp, V'2 lP') cos *o sin
tan fo 1 .......... . ) . (2-10)1 - (rp 1 V~o /uic) hin2*o

a ~rp -11a 2 -(rpt v20 /u.) (2-11)

e= (rp v2 i - 1)2 sin2"o + C0o2, 0  (2-12)

with the constraint that

rp 2 , a1 (1 - el) (A-9)

Pre-Assist Orbit Conditions at the Assist Planet. As

explained in Chapter VII, the pre-assist orbit can intersect

the SOI of P2 for only two cases: inclination angle small

or heliocentric transfer angle 812 equal to 1800. For

either of these cases, r,, the distance of the spacecraft

from the Sun at the time it enters the SOI, is assumed to

be rp 2 , the mean orbital radius of the assist planet. Under

this assumption the heliocentric conditions of the pre-assist

orbit at P2 may be expressed as in Appendix A:

V (O 2 a 1) (A-8)
rp 2  a1I

in [a2 (1 e)A
sinrp (2a , - r1,2)j( -9
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(rp V2 lo) cos o, sin

tan f= 1- (r2 Vn - (A-10)

The transfer angle and time on the pre-assist orbit is

given by the following expressions:

012 = f1 - fo (A-12)

T T2 = t (a,, 1jo, el, f,) - t (a,, 11., el, fo) (A-13)

XYZ Components of and V7. The vector components of

F and V1 in the XYZ system are found with the following

coordinate transformation (see Figs. 43 and 65):

1. The xyz orbital reference system, initially aligned

with the XYZ ecliptic system, is rotated throxigh the angle i

about the line of nodes (the Y axis). This places the x-y

plane in the pre-assist orbit plane.

2. The xyz system is rotated through :n angle 612

about the z axis, so that the y axis points toward the assist

planet P2 at the time of intercept. These rotations are

expressed in the following matrix notation; where for conven-

ience, 012 0, s represents sine, and c represents cosine:

{x ceci se -ce si X

=-se ci CO so si Y (B-1)

si 0 ci Z

Since the transformation is orthogonal, the inverse of the

transformation matrix is given by its transpose.

147



GA/AE/67-4

Thus, X xI

I Y -A ,y 
(B-2)

where th•e matrix A is:

ce ci -se ci si

A = se ce 0 (B-3)

-ce si so si ci

Components of •!in the XYZ system are given by

- 0 ,. 0'

rlyf= Al r, A Op (B-4)

The following constraint must be satisfied in Eq (B-4)

r, z P (B-5)

that is, the distance of the spacecraft above the ecliptic

plane must not exceed pp., the radius of the SOI of P.. if

this constraint is not satisfied then the inclination i of

:• the pre-assist orbit plane is too large for an intercept,

and a smaller value mist be selected.

The velocity •'7, as shown in Fig. 65t has components

in the negative x an~d negative y directions, so its components

in the XYZ system are
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z

z

V1

Sun /

612 y

x y

Fig. 65

Transformation from XYZ to xyz
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V. -VI sin .1
Vi•Y A I-V 1 cos f1 (B-6)

"V. 0

Transformation of V1 from XYZ to X2Y2Z2. In order to

define the relationship of V1 with other vectors at P2 it

is necessary to transform it from the ecliptic system XYZ

to the assist planet system X2Y2Z2. This transformation,

shown in Figs. 66 and 67, is accomplished as follows:

1. The X'Y'Z' and XYZ ecliptic systems are initially

aligned at the Sun. The X'Y'Z' axes are rotated about the

Z axis through an angle n, where

Y= - 1/2 (B-7)

"0 - w/2 (B-8)

so that the X' axis is directed along a line from P2 to the

Sun, and the Y' axis is directed opposite to VP21 the velocity

of P2 -

2. The X'Y'Z' system is translated from the Sun to a

position 02 near P2 , where the inbound and outbound assist

hyperbola asymptotes intersect. This position is not defined

until the DOCA and an angle o, discussed later, are selectedl

for the present degree of approximation, it is sufficient to

know that 02 lies within the SOI of P2.

The relationship between the XYZ and XIYIZI systems is

given by
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•&X1" X

y B, •(B-9)

where the transformation matrix B is defined as

cin sn 0

B 1 -sn cn 0 (B-10)

S|0 0 1

The translation from X'Y'Z' to X2Y2 Z2 involves no rotation,

so

Y 2 Y~j(B-11)

{ 2i z

Finally, the vector V in the X2Y2 system near the

assist planet is

IX 2 1 X{ Y " B{ ViY (B-12)

V z 2VZ

-VI sin

C -VI cos (B-13)

10

where use has been made of Eq (B-6) and the definition:
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C = BA (B-14)"

cn ce ci + sri SO) (-cii so ci + sri Ce) C cri si)]
= 1(-sn ce ci + cn s) (sn se ci + cn ce) (-sn si) (B-15)

(-ce si) ( se si) (Ci)

Assist Orbit

Calculation of Vai. The inbound HEV at P2 is shown in

the vector diagram of Fig. 46. The vectors VP2' V1, and V.i

are translated and added within the X2Y2 Z2 reference frame;

the fact that the position of 02 has not yet been defined

does not affect the results, since vectors may be translated

to any point in space with no change in magnitude or direction.

Thus,

I = - VP (3-1)

In matrix notation, Eq (3-1) becomes

V~i XF2 V1 2 0
ix2  xa

V ~i Y V y - <VP2 (B-16)

2 2

V oi viz 0 0
22

which gives the magnitude of the Vector,

Vi [V1 + V2• 1/2 (B-17)

Also, V.i defines a semi-major axis for the assist hyperbola:
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a 2 = IPL (B-18)

Right Ascension and Declination of Vi" For the purpose

of defining the geometry of the assist hyperbola, it is

necessary to determine the angles a and 6 shown in Fig. 46.

Later, when the assist hyperbola has been completely defined,

it will be seen that these angles are, respectively, the

right ascension (measured eastward on P2 in the ecliptic

plane from the direction of the Y2 axis) and the declination

(measured north (+) or south (-) of the ecliptic plane along

the P2 meridian determined by a).

Both a and 6 are found with the vector Viy which

is defined as the component of V-i in the X2-Y2 plane. As

shown in the figure, the magnitude of this vector is

V. = [Vi2 0 + vi2]1/2  (B-19)

"Thus, for the right ascension,

C-Vciy 2
cos a =(B-20)

V 1ix
2 Y2

and for the declination,

V-i

cos 6 X2Y2  (B-21)
V
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Selection of 8. The position of the assist orbit

plane is defined by the center of mass of P2. Its

orientation, like any other plane, must be defined by

three angles. Two of these angles, a and 6, have already

been calculated, but a third angle, 8 (defined below), must

be specified.

After 8 is selected, a coordinate transformation (see

Fig. 68) is made from the X2Y2Z2 system to the x 2y2z 2 assist

orbit system as follows:

1. The x2y 2z 2 axes, initially aligned with the X2 Y2 Z2

axes, are rotated about the Z2 axis through the angle a.

This rotation defines the primed system x2 'y 2 'Z 2 ' shown in

the figure.

2. The primed system is rotated through the angle 6

about the x2' axis. This rotation defines the double primed

system x 2 'y''yz 2" 1 , and aligns the Y2'' axis with the

incoming HEV vector.

3. The double-primed system is rotated about the Y2 "'

axis through the angle 8, into the x 2Y2Z2 system so that the

x 2 -y2 plane lies in the plane of the assist orbit and z2

forms a right-handed system.

The transf6rmation is expressed as follows:

X2 co 0 -s 1 0 0 ca sa 0 X2

y2 =10 1 0 C6 S6 ,- a ca 0 Y2 (B-22)

2 so 0 c 0-S6 6 0 0 1fl22
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(co ca -so s6 Sa) (c8 sa + so s6 ca) (-so ca) x2

(-C6 sal (c6 ca) (s6) Y2 .(B-23)

(so ca + ca s6 sa)(so sa - co s6 ca) (co c6) z

and since the transformation is orthogonal,

2I 2
Y2 D D 2

z z2 J

where D is defined as

(co ca - so s6 sa) (-c6 sa) (so ca + cs sa)1)

D (co sa + so s6 ca) ( c6 Ca) (s8 sa - c8 s6 ca) (B-24)

(-soc) (s6). (co c6) J
Selection of d. The position and orientation of the

assist orbit plane has been determined above, but a DOCA

must be solected in order to define the assist orbit itself.

This procedure is analogous to the two-dimensional case in

which the assist orbit plane was automatically defined by the

ecliptic, and a DOCA was selected to define the assist orbit.

The value of d determines the eccentricity of the &ssist

ork it

e2  _ 1, (RP2 + a2 + d) (B-25)
a2

The angle between the conjugate axis and the inbound hyper-

bolic asymptote, as shown in Fig. 69, is given by
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Axis•

InboundAsymptote Y2

rm

Outbound P2
Asymptote

x2

Fig. 69

Assist Orbit Plane
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sin v (B-26)

e2

This angle is used to find the components of Vo in the

0'0
x2Y2 Z2 system,

V. 0XoV sin 2v

{Vo {= -Vcoo cos 2v} (B-27)

V' .o 0

where, of course,

V"o = V~i (B-28)

The components of Vo in the XZY 2 Z2 system are found

with the following transformation:

V0 Vxo
Xy2 0X2I VoD (B-29)

V o Z J2 V. 0z2

Finally, the actual position of 02, the origin of the XY2Z2

system, is determined by the vector 'm from 02 to the center

of mass of P2. For the components of this vector in the

X2Y2 Z2 system,

, rm rm cosv-,X2

rm nD r sinv (B-30)

rm Z20
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where, r m a 2 + RP2 + d (B-31)

Post-Assist Orbit

Post-Assist Orbit Conditions at P2 . The heliocentric

velocity of the spacecraft as it leaves the SOI of P2 is

given by

V3 = VCo + VP2 (3-2)

as shown in Fig. 47. This equation may be written in

matrix form: v.o1 [oV 32 VI o X2 0t V 3 y 2= Vwo + -V• 2  (B-32)

V JLVaozJ L0 IV 3Z C Z2 0

av +.Vy V2  (B-33)

and V3 3 X2 3Y. 3 '2] /B

The flight path angle, 03, is given by

COS *3 = V- (B-34)
V3

and the inclination of the post-assist orbit is

V3

i = arc tan 3 (B-35)V3y 2

The true anomaly, or the heliocentric angle from P2 to

perihelion is
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-rpV,> v/iO) Cos a.oi•
tan (B-36)

(rr. V2 1o sin2 03 - 1

Post-Assist Orbit Characteristics. Finally, the post-

assist orbit characteristics are obtained from the follow-

ing relations:

a = rP23 (A-27)

e= ( rp2 ~,~ V2 1)2 sifl2 O3 + COS 2 ý3  (A-28)

TOP =T 1 2 - t (a 3 , .o' e3, f 3 ) (A-29)

r = a 3 (1 + e 3 ) (A-30)i----"a 3

qm= a 3 (1 - e 3) (A-31)
/

Summary

A complete summary of the velocity vectors at P2 is

shown in Fig. 70. This diagram issimilar to Fig. 16(a),

and may be used to separate the events into two reference

frames: one with respect to P2 , and one with respect to

the Sun.
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Appendix C

Pre-Assist Orbit Inclination for Category II Trajectories

The purpose of this appendix is to derive an expression

for the pre-assist orbit inclination i required for given

values of burnout velocity Vb and departure flight path

angle * for Category II trajectories. The problem, illus-

trated in Fig. 71, is to find an orbit which intersects the

orbits of P1 and P 2 at a distance of rp1 and rp2 from the

Sun, respectively.

An expression for i is obtained from Eq (2-8):

V2 V2V - 2VpJ sin ýo cos i Vo + V12

which gives

2Z+ V2 -V2

i = arc cos 05(Vo 1 (C-1)

2Vp Vo sin *o

The quantities Vp1 , *o,and Voop, (found with given Vb in

Eq (A-l)) are all known in this expression, but Vo must be

calgulated.

From the energy integral for elliptic orbits,

0 - -(- (C-2)
rp ! al

where a1 is the semi-major ax:is of the pre-assist orbit.

The vilue of a, is found by first writing the basic orbital
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equation for the times of departure-from P1 and arrival

at P2 :

= ai (1 - e2) (c-3)
rp2  1 + e1 cos f

=p 2 al Il- • (C-4)
1 + el cos f,

where el is the eccentricity of the pre-assist orbit.

Division of Eq (C-3) by Eq (C-4) gives

rp . 1 + e l cos f (C 5)

rp2 1 + e, cos fo

For Category II trajectories, by definition,

f, - fo = W (C-6)

where fo is assumed to be a negative angle for pre-assist

orbits inside the orbit of P1. Substitution of Eq (C-6)

into (C-5) with the definition R - rp, /rp, gives

R = 1 - e, cos f0  (C-7)

1 + el cos fo

which can be rearranged to give:

el cos fo ( - R) (C-8)
(I. + R)

Now, from orbital mechanics (Ref 16:83) it can be shown

that
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1 + e, Cos fo
sin fo 1 (C-9)

(1 + e2 + 2e, cos fo)1/2

Definition of the quantity

A --- - R (C-10)
1+ R

and substitution of Eq (C-8) into (C-9) gives

sin o = 1 + A (C-11)
0 1 + ef , 2A] 1/ 2

An expression for e, is found by squaring and rearranging

Eq (C-11):

e, = s1 A2 + (1 - sin2 fo) (1 + 2A)] 1/ 2  (C-12)sin *o

which can be determined from the known values of A and *o.

The value of el from Eq (C-12) can now be used in the

following equation (Ref 16283) to find a,:

sin2 fo = aj (1 - e-) (C-13)
r., (2ai - rp 1 )

This expression is rearranged as follows:

(l - e2) a2 - 2rp, sin2 fo a8 + r4 sin2 o - 0 (C-14)
I1 10

which is a quadratic equation for a,1 Solution of Eq (C-14)

gives
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a = rp. sin [ino _+ (sin2
0 o + e2 - 1)1/ (C-15]

(1 - e2)

where the - (+) sign is used when the orbit of P2 lies

inside (outside) the orbit of P1.

In summary, the sequence of calculations for the

required inclination of a pre-a .sist orbit is as follows:

1) Given values of rp1, rp2, Vp,, 0op and Vb

2) rV2 - 2l
V1P b (A-1)

¥I p

3) = 1 [A2 + (1 - sin2 #0 ) (1 + 2A)] 1/2 (C-12)
sin o

4) rp 1 sin 00
al = [sin 00 - (sin2 ¢o + el - 1)1/2]

(1 - e•) (C-15)

5)rI
V2 aU) (C-2)

6) / V+ V2i = arc cos 0 p1 sin 1 (C-l)
2Vp Vo s0 n 00
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Appendix D

Launch Opportunities

The initial assumption of circular and coplanar

planetary orbits means that any calculation of launch

opportunities is only an approximation. However, this

approximation is consistent with other work in the

study, so the results may be followed as a guide for more

precise studies.

Fig. 72 illustrates the heliocentric longitudes 110

and 120 of planets P1 and P2 , respectively, with respect

to the vernal equinox direction T at some epoch too For

the longitudes at any time t, after to:

11 = ii0 + Vi (t - to) (D-l)

12 = 120 + W2 (t - to) (D-2)

where w, and s2 are the mean daily motions of PI and P2,

respectively.

To accomplish some given transfer (pre-assist orbit)

in time T12 through an angle 012, from planet Pi to P2,

"0L = W2 T12 - e1 2  (D-3)

which gives the lead angle eL measured from Earth longitude

at launch, as shown in Fig. 73.

To find a launch time tL for the given trajectory, let
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L 11 - 12 (D-4)

and from Eqs (D-1) and (D-2), for t = tL,

-eL = 110 + W, (tL - to) - 120 - W2 (tL - to) (D-5)

Finally, after rearranging Eq (D-5),

tL 1 10 - 1 70) + (W2  - wW) tO + 'I] (D-6)

which gives the first possible launch time near to. In this

thesis the epoch to was taken as 1.5 Jan 1960 which is Julian

day number 2,436,935.

Successive launch dates for the given transfer orbit

may be generated by adding multiples of the synodic period

to tL. Thus, for n launch dates in addition to the date tL

from Eq (D-6),

tLl = tL + S

tL2 = tL + 2S (D-7)

tL = tL + n.9

n

where S is the synodic period of P1 and P 2 .

The angle ep, measured from P1 to P 2 at the time of

intercept, is given by

p 12 T1 2  
(D-8)
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Launch dates are generated with Program 8 for ecliptic

and out-of-ecliptic orbits. The method for calculating

e12 and T12 is similar to that used in Program 6 for the

ecliptic and that used in Program 7 for the out-of-ecliptic

trajectories. Eqs (D-l) through (D-8) apply to both types

of trajectories.

17

1731



GA/AE/67-4

Appendix E

Computer Programs
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PVrS.AFIT-S 1siJoB 0,5.10000 67-012#Lt MESAI-L

flBPC AI 94/2 AR
CDIRECT-TRANSFEMR TRAJECTORIES FOR SOLAR PROBES

TlMCA.,EtI.(;2.:ATACNISORTI~l.-EI/I1.+E)lTAN(lT'RlZ.I)$E'SQRTI1.-lE.02IOS ()RI11ECS(T*RI)*SORTf(A**31/6)/S6400.
RtEADO(5*1 CCStGCPS, RP1 ,VPI#RAOP1

1 FORMAT(5EIO#0)
VT.36000.9
PI. 3141~
R Pt 180.
K:72

"N.9L-19
00 2 I-Ism
T.VB*- *GCP1/RADPI
IF7T)102, 103, 103

102 )IRITE(6,104)VB
104 FoA)kAT(I11tAOX,3HVB.,Fl0.1,21HBELOW ESCAPE VELOCITY)

G0 TO 31
103 VINFPI.SOPTITI

WRITE469105)
105 rORNATI 11,X6IHeeOIe.Iet.BSOeIOO~e*I~6e

P110.90.

00 3 J-11N
P OR.;PHO*t
WlRITE(6#100)VS*VIKFP19M40

100 FORMAt4iHA.1OX,3HVB.,F10.1.SX,7HVINFP1.,F9.1,5X,311P11..5o1//AX,2HX
1£ .SX.2HFO.8X.2KA1.6.Xe2NE1 .7X.5HTINOPe6XeZHRPI
X1.0.
00 4 lo
A IR.XI*R
IFItVP16Slk(PHl0RI*C0S(XIR)I"*2.VINFP1002-VPI1"215,5,6

5 WRITEI6o7IVBoPHO*XI
7 FORNAT1IHAt 4Xs17HNO ESCAPE FOR VB*,F10.197HAT PHO.,F7.2s6HAMD 1-9
1F6.21

GO TO 30

6VO.VP1'SINIPHORIOCOSIXIR)-SORTIIVP1.SINIPHOR.*COSIXIR).'*2.VINFP1' I
RtP1VO-RP1'V0B.ZIGCS
TANFO.RPlVO*COSIPHORIOSINIPHORI/i1.-RPIVOISIM(PHORIII2)
IFITANFO1O.9*9

IFO*ATANtTAMPOIiR
0O TO 10

9 FO.IATANCTANFO)-PI)/R

10 A1*RPI/429-RP1VO)
AIAU.Afl/92901000.052009)
E1.SORTI(IRP1VO-1.I'StN(PHOR))'*24C05(PHOR**O2I
RPERI.A10(1.-Ell
RPAU.RPERM/92901000.05280.)
TIM0P--TII4EIA1 ,CS*EI#FOI
WRITEI6,101IXIFO.A1AUE1 .TII4OPRPAU

101 FOROIAT(6F10.4)
XI.XIS.

4. CONTINUE
30 PHO.PHO-10.

3 CONTINUE
31 VO-VB+1000.
2 CONTINUE

STOP
END

S DATA
4*686SE21 1.4077E16 4#9052E11 9*77SIE04 2.0902E07

SEOF
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Program 1 Output

VB= 42000.c VINFP1= 20421.7 PH= 90.0

XI FO Al El TIMOP RP
0. -179.9999 0.7277 0.3742 113.2736 0.4554
5.0000 -179.9999 0.7409 0.3498 116.3526 0.4817

10.0000 -179.9998 0,8030 3.2454 131.2852 0.6059

NO ESCAPE FUR VB= 4203O.OAT PHO= 90oOOAND 1= 15.00

VB= 4200040 V I'FPI= 20421.7 PH= 88.0

aX FO Al El TIMOP RP
0. -176.6150 0.7297 0.3719 109,3978 0.4583
5.0000 -176.2300 0.7432 0.3471 112.1644 0.4852
10.0000 -173.6313 0.8082 342398 125.1468 0.6144

NO ESCAPE FOR VB= 42000.OAT PHO= 88.OOAND 1= 15.00

VB= 42000.0 V lNFP1= 20421.7 PH= 86.0

XI FO Al El TIMOP RP
3. -172.9760 0.7359 3.3648 106.2147 0.4674
5.0000 -172.1182 0.7506 0.3388 108.7804 0.4963
10.0000 -165.5901 0,8264 0.2209 120.4026 0.6439

NO ESCAPE FUR VB= 42000.OAT PHO= 86.OOAND 1= 15.00

VB= 42000.0 VINFPI= 20421.7 PH= 84.0

XI FO Al El TIMOP RP
0. -168.7244 0,7474 3.3520 103.5780 0.4843
5.0000 -16711456 0.7647 0.3235 106.0049 0.5173
10.0000 -149.7241 0.8747 0.1767 114.6357 0.7202

NO ESCAPE FOR VB= 42000.OAT PHO= 84.OOAND 1= 15.00

VB= 42000.0 VINFPI= 20421.7 PH= 82.0

XT FO Al El TIMOP RP
3. -163.1628 0.7671 0.3313 10lo3462 0.5129
5.0000 -160.1405 0.7900 0.2978 103.5839 0.5547

NO ESCAPE FOR VB= 42000.OAT PHO= 82.OOAND 1= 10.00

176



Program 2
INo) 0.1,6000 61-012oMYERtStAFIT-SE

31 VrC i4AIN N94/2,XRT
C 0WNUS ASSISTED TRAJECTORIES IN THE ECLIPTIC

C CALCULArION OF DEPARTURE ORUITS
REA)(SIIGCS,1CPI.GCP2.RP1,RP2oVP1.VPZRAoP1,wAoP2

I FORI4ATMISE.0/4C10.00

C DIMENSION FOR ONE GREATER THAN REQUIRED
DIMENSION Vfl416ziPHI1&2pbOIFO(1SzoIvo*1~21A1621$A.1~ol,.ADea6

Z)22:.F3(22IA1(22I.E3I22I.ON(22I.J1I162I.TOPI22)
C YOM1 MUST BE GREATER THAN ESCAPE VEL s 34100 FT/SEC FOR EARTH

VB I .1.38000.

N-7
L-21
DO ;' 1.14
vINI iPifi,.SOor (V611102-2.*dCP1/ltAOPI)
PH1l .11.90.
00o: J-I.N
PHR. PHI I..O*R
IF(%IINF()i4IIO'2-(VP1OCOSIPNRII'O2I24.24.23

GO 10 29
23 TANlSTP-A/PI*CC.'i (PHRM/SORT IVINFP1II)*02-IVPI*COS IPHR116021)

ET(I.JI.IP I-A TAN(TANETPII/R
AlI,JI.PI/2.-ETIIJI#R4PHR
AD) ,Jl-Al I..i/R
IF(F'HIIpJ)-90. 119.*20. 19

GO 10 21
19 VOfIIJ-VIMFPl1)fJSIN IA(ItJII/COS IPHR?
Z1 RPV0-RPI*lV0OHJI"2I/GC3

TANFO-RPVOVCOS fi'HRI*SIN lPHMMIJI-RPVO*SIN IPHR)0021
FO(I.J[IWATA ITANFOI-PitP/

2 CONTINUE

4 FORIIAT(IINI5OX921HEARTH DEPARTURE ORSITI

DO F111
J2-,)1 (I1
WA ITEIS.3 IVB( I, VINfPI( I)t IPH(IoJI.FOII,.DI g O(IIJI*AO( IJI.ETIIJI
Ij1 *J.IJ2

5 FORMATI1NAo23XTHVB.,FIO.0.$SSM.HVINFP1..FIO./tN,1oHP91,ISJI,*HFOI
1SR.ZHV0.ISXItiA, 19XZ"tTt//IIZ0.ZII

6 CONTINUE
C CAL.CULATION OF PRE-ASSIST ELLIPSE

00 13 1-1.14
J2..J1 II
Dfl -0.
00 13 J"1,J2
A1.RP1/12.-RP1'(VoI I.JI"21/GCSI
A1AU.Al/I929OIO00O.052SO.
E1S5QRT tflRPI*VO(IIJ102j1GC5-1I*)SIN IPHIIJI*Rll~aZ+CUS (PH1I.

1JI'R)4021
.RPERI.AloI 1.-Ell
IFIRPER1-AP21S.1541.16

16 WRITE4691l1
17 FORNATIIHA931HV5 INSUFFICIENT TO INTERCEPT P21

00 T0 13
15 VI-30RT 4GCSII2*/RP2-1./All)

SPIwISORT I~R2O1~1OIIPO2G1R2I
CPI4II-SORT .- PI*2
TANF1.IRP2'(V1O62I/GC3IOCPHI113PH1ll'I 1.-IRPZ*IV1'*ZIIGCMiISPHIl"2Z
1)
IF ITAkF14iAO D .41

40 F1-ATANIIANFII/R
G0 TO 42

41 F1.IATAN ITANFII-PII/N
42 THTIZ-F1-FO1IJI

TIN12aTINEIAlGCSEIF1I-TINEIAISC3,EI.FOI I.JlI
C CALCULATION OF HYPERBOL.IC PASS TRAJECTORY

VINF-SORT fVl'*2+VP2*f2-2**V1OVP2vS0HI18
AZ-GCPZ/IVINF.'Z I
IF(VP2-VI*SPHI1IS.7.9

7 WRITE16.1AI
14 FORPIATf1HA926HVFZ.V1*3PHIl FOR THIS CAMh

0O TO 13
3 TAMI4PI4-Vl#CPHII/SORT IVINF#@2-IVIvCPHI1IO*21

GO t0 10
9 TANNPH-V1BCPHIL/SORT lVINF**2-VIVCPHI1I)**Z

10 DO 11 K-1,L
E2IKI-IRAAP24OIK *6060.274A2)/A2
XNU-ATAH f1./SORT ME2KI*62-1.1)
XNUOEG (K I *NUIR
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Program 2 (Contd. )
44 PSI.ATAM(TANMPH1-2.f?(M0+PI

0O TO 90
43 P3IwATAM (TAXWPNI-2..XAU
50 PSIEOM-K)PS/ft

V3(K).SORT IVP2*02*VlflF**2-2.OVP2*VIMP*COS fPSI11
CPH13-VZMF*31N (PSIO/V3(K)
SPH135-SOT t 1.-CPH13020.1
RPvS.RP2O EV3(K0*@2 )IGCS
TANF3.NPy30CPNISOSPHI3/( 1.-RPVS*SPMIS.022
!F(TANFS145&"464

49 F3(K).(ATANITANF311/R
Go TO 47

46 73(K).IATAN (TAtNPSI-PI)/"
47 A9IlIlnRPZ/(2.-ftPy3,1/,29O1@oO..U#QsI

E31K)eSQAT E((*PV3-1.i*$PNI3l**2+CP94IS*Z
AA-RP2/12.-ftPV31
TOPIK).TIN12-TIMEIM.#GCS.E3(K) .FEK II
OM(KI.A3(K)*( 1.-l3IK))
D1K.I) -D(KI+100.

11 CONTINUE
WRITE(6.12)VaIIlPHIPJ).(THT12.flA1AU.E1.V1,VZNI'.D(KIVEKl.A3(K
1).E5EKI.V3(K).XNUOEGI(K).E2(K),PSIOEG(KITIN12,T*PEK).@NIK).Km1,LI

12 FORMAT~lHA.2JX.3"VIS..f1QO.04?X.3NPH..Pl0.2//1N.4NTM~l,39Xo2lkP1.SN
IHAl,5X,2I!El,7X.2HVl,6X.4NVINP.4X,4NOOCA,6X,2HF3.&X.2NAoS.o2I.ZNES.
2,2HV3,5X,2HNU,9X,2HE2.5X.3HPSI .4X.9NTIN12,SX.2NTOP.4XoN.2k/#IFP1.Z
3S6.3 ,2F7.4,2F9.1,FO.OtFS.2,2F7.4,79.1,F6.2,P6.3,Ffe**F?.1,P7.1,PS.
45))

13 CONTINUE
S TOP
END

SDATA
4.656BE21 1.4071(16 1.1405(16 4.9052e11 3.94450E1
907531E04 1.1493C09 2*090ZE07 Z.0013COT

SEOF
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Program 3
:JO10 0#5,8000 67-012oMYERS#AFIT-SE

SISFC 14AIN M9A4/2*XR7*NODECK
C VENUS-MERCURY PERIHELION ASSISTED TRAJECTORIES
C CALCULATION OF DEPARTURE ORBITS

TIMECAsGE.TC-2..ATANIISORTCC1.-E)/C1.,E)).TANCT.R/2.11-E*sQRTC1.-
1E.12).SINCT#RI/CI..E'CO5CTeRI)ISOSRTCCA*e3)/G)/86400*
READCB.1 )GCSGCP1,GCP2,SPP1 .P2.VP1,VP2.RADPIRAWP2

I FORMATISE1O#0/4E10.OI
101 READ15*1O0)6CP3#RA0P3#RP3plA3
100 FORMATC4E1OsOI

C DIMENSION FOR ONE GREATER THAN REWUIRED
DIMENSION VBC162).PH(162,lO).F0C162.1Ol.V0C162.10),AC162*10).AOC(16
12,10),ET(162,10).VINFP1CZ62I,0C22).E2C22).XNUOEGC22).PSIDEG(221.V2
2C22),F3C22),A3(22),E3C22),0MI22),J1C162),AA122).TC22)
DIMENSION 03110).E4C1O),XIC4DEGC1O),PS1400CIO).V4C1O),FC10),AS(10)
lA5AUCIlIE5tlO),OMNI410),TMT3PC1O),T3PC10),THfOTC10),TlM0PC10)

C V811) MUST BE GREATER THAN ESCAPE VEL - 36700 FT/SEC FOR EARTH
VB( )-38000.
P1.3.14159
R'P.I/1809
VP3.SORTC2.*GCSIRA3/CRPS*CRA3+RP3) II
M-28
X-4
L-6
LI 6
DO 2 t"1.M
vINFP1CII-S0RT CVBI)@0*2-2.*GCP1/RADP1)
PHI 1.11-90.
DO 3 J.1,N
PHR*PHC I JI'R
IFIV!!'FP1C I)4e2-(VP1*COS(PHR)1'*2I24t24,23

24 J1I).IJ-1
GO TO 29

23 TANETP*VP1*COS (PHR)/CSORT IVINFP(1I)0*2-CVPI*COS (PHR))**2)I
JIll) .J
ETC I,J).CPI-ATANlTANETPlI/R
ACIJ)*PI/2.-ET(I#IJ)R+PHR
ADCIoJ)"ACIJ)/R
IF(PH(I IJ)-90.)19t20,19

20 VOCIJ)-VP1-VINFF1I)l
GO TO 21

19 VOCI#J)-VINFPl(I)'SIN CACI.J))/COS IPHR)
21 RPVO.RPI*IVOCI.Jlf#21/GCS

TANFQ.RPV0*COS (PHR)#SIN (PHRI/C1.,-RPVOOSIN (PHRI'02)
FOCI*JI.CATAN (TANFO)-PII/R

29 VBCI+1I.-VBI)+I000.
2 CONTINUE

WRITE-6t4)
4 FORMATC1H1.80K.21HEARTH DEPARTURE ORBIT)

DO 6 1.1gM
J2"J1 CI)
WRIIEC6,5)VBCI ),VINFP1CI),CPHC IJ),FOCI.J),VOC 1.4) ADI IJ),ETCI.JI
1.4-1.42)
5 FORMATIIHA,25X,3HdBot10.0,33X,7HVICIFP1.,F10.O/17Xs2HPH,18X,2HF0,1

- -. 16X,2HVO,18X,1HA,19X,2HET//CSF20.2)I
6 CONTINUE

C CALCULATION OF PRE-ASStST ELLIPSE
DO 13 I.19M
J2-JI CI)
DC 1)-a.
Do 13 j1.PJ2
A1.RPI/C2.-RP1OCVOC I.J)"02)/GCS)
AIAU-Al/ 92901000. '5280.)
El-SORT CCCRP1'CVOtI.J)..21/GCS-1.I*SIN (PH(IPJ)*R))*'2+COS 1PHII.

IJ)*RI*02)
RtPERl.AIEC 1.-El)
I,¾APERI-RP2115#15#16

16 WRITEC6#171
17 FORMAT(IHAs3IHV8 INSUFFICIENT TO INTERCEPT P21

GO TO 1s
15 V1'.SORT IGCSOC2,/RP2-1./Al))

SPHII-SORT CCA1002)*C1.-Ele'2)/CRP2C(2.OA1-RP2)hl
CPHI1-SOAT Its-5PHI10022
TANFl.CRP2ICV1IO2'/GCSI'CPH[I'SPHII/C 1.-CRP2ICV1002)iGCS)'SPHI1002
1)
IF(TANF1140,40i4l

40 F1*ATANITANF1)/R
GO TO 42

41 F1.CATAN (TANFII-Pi h/R
42 tHT12.F1-FOC I 4)

TIM412.TIMECAI.GCSElf1I-TlMECAIGCSE1,FOCI.#J))
C CALCULATION OF HYPE;BOLIC PASS TRAJECTORY

VINF.SORT tV1*02.VPZ*02-2*'V1'VP2*SPHII)
A2.GCP2/(VINFO*2)
IFIVPZ-V1OSPHII)S#7s9

I WRITE-6#141
14 FORMATC4HA#26HVP2.V1*SPHI1 FOR THIS CASE)

GO TO is
5 TANltPH.-VI#CPHII/SQRI (VINF.*2-CV1*CPHI1I'*21
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GOT 0Program 3 (Conitd.)j
10 00 11 K.1,L

EZ (K) IRADP24+O(K100800.27+A21 /A2
XNU.ATAH (1./SORT IE2(K(*'2-1.)S

"IU EGI K *XNU/R
'IF(VP2-V1*SPHI 1)44,44,43

44 PSI.ATAPC(TANNHPII-2.*XMU4-PI
00 TO 50

43 PSI.ATAM (TARNPHI-2.*XNU
50 PSIVEG(KI.PSI/R

V2(KI.SQT (VP2*42+VIlNF'*2-2.*VP2*VINF'COS IPSI))
CPHI3.VIN)'*S)N (PSI)/V24K)

SPH13-SORT i1.-CPHI30*21
RPV3.RP2.(V21K)4#21 /GCs
TAftF3.RPV39CPH13*SPHI3/(1.-RPV3'SPH)Y*42)
IM(AKF3145,46946

45 F5(K)*IATAXITAI4F31l/R
0701047

46 FSIK).IATAN ITANP31-Pt)/R
41 A3(K)-(ftP2/f2.-ftPV3I)

AA(K,)*AlIK)/19290I00O#*5280.)
ESIK.I.SORT (I((RPV3-1.)*SPHI3)0*24CPfl)3"2)
Q4((E).AAIK)(I(.-ES(KI I
T2P.-T (NE)A3(K (,OCS ,ES(K IF3 KI I
TI T II. 2Pt (I I

11 CONTINUIE
VRITE(6,12)Vb(I(,PHII.J).(011t12.F1,AIAU.EIV1.TIKhD(KI,F31K),AAIK
1).ESlK).V2(KhtXNUtDEG(K) ,TtMIZPSIDEG(K) oNM(KI ,K.1,LI

12 FORHAT(IHA,23X,3HVa.,F1O.0,47X,SHPH.,F10.21/1K,4HTH12.SXZHF1.3X,2
IhAl .IX.2HE1,7X.2HV1 .6I,4HTT0T ,31,4HDOCA.4X.28P3,tX,2KA3,3X,2HE3,6X
2.2HV5.6l,IHN.SX,3HT1Z.IX,3HPSI ,4X,280)4//(F7.2,FA.2.ZF?.4.2FIO.1,F7
3.1,d8.2,2F7.4,FI1.1,Fa.2,F7.2.F4.2,Fa.5 I

102 DO 13 K1 .L
IF IONIK 10 2901000..3280.-RP3) 104.104,121

121 WRITE(6 )t 3)
103 FORNAT(1HA.3114VO INSUFFICIENT TO INTERCEPT P3)

GO TO 13
104 D31 .0

SPHI3*SQRT((A3(K)'02(0I 1,-E3(K)9*2)/(RP)*Iý.'A3,IK)-RP3))I
CPHI3*SQAT( 1.-SPHI3*021

C HYPERBOLI)C TRAJECTORY AT PS
VINF3-SORT IV3*02.VP3*'2-2.*V3'VP3ýSPHt3I
TANF3.(RP3*(V3**2)/GCS.OCPHI3*SPH15/(1.-(RPJItV3*02h/GCSI*SPHI3.t2

IIFITANF3(103, 103,106

00 TO 107

9,1f f15;4ATAN1HANF5)VP3.3SPI FRTHSCAE
0~~G T07 13S-M

10 Ai-GCP*V(V3*C*21ftIIF.~-v'PH3*2

G0 TO 112
110 TAN P4.V34CPH153/:ORTI1vF3-*2-(V3eCPHI3)'@2I
11200O 120 K11.,LI

E4(KI)-(RADP3SD3KIK (6v80.2
7
+A4I/A4

0 ~XNU'..ATAN(1..,SQRTIE4KIK(.2-1.))
X144DEG(K1 I XNU4/R

11 IF(VP-V3SPHIT) 113.113.114113 P54.ATANITANI(P4I-2..XNU4,PI
00 TO 113

114 PS14.ATANITANMF4)-2.*XNU4

1 ~115 P5,1406(K1)TPSI14/R
V4 K1)*SORT(VP3**2+V)I'F3@02-2.*VP3@VINF3@COS(PS4)4I
CPH17*VINF3*S[N(PSI4)/IV4(KI I
SPH17*SORT(1.-CM4I1'*2)
RPV4.RP3*IV4(K1)*'2 1/GCS
IANF7-RPV4*CPH17*SPHI?7/l1.-RPV4)S5PI7T*2)I
IF(TANF7) 116,117,111

116 F7(K1I-ATANITANFI/R
Go TO 116

117 F7(K1IIlATAN(TANP1I-PI)/ft
11I A5IK1I)RP31f2.-RPV4)

ASAU(KI).A3(KI )/(92901000.'3280.)
E3(KI).SORT((IRPV4-1.I*SPH17)#'2,CPH170*2I
O$414KI);ASAU(IK1)0(1I.-E5(K1 ))
THT P(K 1--F (K 1)
TSP(K1).-.TINEIA5(KI).GCS,E51K1IF7IKIII
TIITOTKIi)- TM712+THT2)+THIT3PfK0'
TIMOPIKI).TINI2+T23*13P(K1)
D31KI4I).D)(K1 1.100.

120 CONTINUE
WRITEi6,1Z2)VB(II.PH(IJ).DKI.ONK.I .THT23.F3,V3.VINF3,T23.03(K'I
I.FTIKI),AIAUtKII,E5(K1).V41KI),XNA.DEGIKI).PS)400(K1I,ThtOT(K1ITM4
2OPlKI) .O)4(K1I).K1'l.L1I

122 FORKAT(IHA.'SX,3HVB-.F10.0.3X,3HPH-.F7.2.5X.2H4O.,F7.1,3XdHOM-,FS.
13//f2X,4H0I12,.4X.2HF3,8XZHV3,7X,314V)NF3,4X,3HT23 ,3X,2IO)35X,2HF7,6
2X.2HiA3,3X.2HE3,6X,2HV7,6X,2HN4,4X,4HP5I4,4X,4HTHOP,4X,3HTOP.SX,3HO
¶14//(12F8.2,2F10..1F?,2.F7.IF,.2.2F7.4,F10,.V4F.2,2F8.2,f7.2.fa.3)
4)

13 CONTINUE
stop
END

sOATA
4.6464121 1.4077E16 1.1488Kb 4.9052E11 S.5483113I
9.7?31E0% 1.149SE05 2.0902E01 2.0013E01
Y.7210914 7.99306fl 1.5083E11 2,2t89311I
8(09
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Program 3 Output
Va. 50000. PH- 90.000

TH12 F1 Al E1 Vi 3701 COCA F3 A3 E3 V3 M TI2 PSI an

44.26 -135.74 0.6353 0.5741 106675.2 92.2 0.' -152.78 0.5283 0.6464 91281.8 6.74 55.41 52.50 0.18679
44.26 -135.74 0.6353 0.5741 106615.2 92.2 100.0 -152.42 0.5305 0.64t4 94189.0 6.5? 55.41 52.86 0.16863
44.26 -135.74 C.6353 0.5741 106675.2 92.2 2C3.0 -152.07 0.5325 0.6425 92073.5 6.40 55.41 53.19 0.17400
44.26 -135.14 0.6353 O.5741 106615.7 92.2 W.0 -151.74 0.5346 0.6407 92431.8 6.24 55.41 53.51 0.19209
44.26 -135.74 0.6353 0.5741 106675.2 92.2 404.O -151.4T 0.5365 0.6389 92786.5 6.09 55.41 53.81 0.15372
44.26 -135.74 0.6333 O.V:41 106675.2 92.2 500.0 -151.11 0.5383 0.6373 93117.6 5.94 55.41 54.10 0.19528

Vs. 50000. PH. %0.00 O 0. ag. 0.18679

TH23 FR Vs VINF5 T23 0a F7 AS ES VT N44 PSI4 THOP fOr a"J

62.79 -89.99 209905.1 115243.2 26.40 0. -91.66 0.5102 0.6391 208373.3 0.42 80.55 193.72 92.2t 0.18411
62.79 -89.99 209905.1 115243.2 28.40 100.0 -91.55 6.5114 0.6396 MC.81.8 0.39 80.61 198.60 92.26 0.14430
62.79 -89.99 299105.1 115203.2 Z1.40 200.0 -91.44 0.5125 0.6401 208575.9 0.36 80.66 198.49 92.25 0.18447
62.79 -69.99 209905.1 115243.2 23.40 500.0 -91.35 0.0135 0.640; 20865C.4 0.34 80.70 198.40 92.25 C.10461
62.79 -89.90 209905.1 115243.2 280.40 400.0 -91.27 0.5143 t.6408 2053731.2 0.32 80.74 198.32 92.24 0.18474
62.19 -89.99 209905.1 '1!243.1 20.40 $00.0 -ý1.20 0.5151 0.6411 208796.0 0,30 80.78 15S.25 92.24 0.18480

V.O 50000. PH- 90.00 0. 100.0 Q9u 0.18663

TN23 FS Vs V9195 723 03 F? A3 ES V? N4 PSM0 THOP TOP 09"

63.20 -89.22 210081.6 114246.7 28.42 0. -'90.92 0.5121 0.6369 209537.2 0.. 80.85 198.37 92.27 0.18594
63.20 -69.22 210081.6 114216.7 21.42 100.0 -90.80 0.5133 0.6374 208646.5 O0.8 80.9* 190.25 92.27 0.16613
63.20 -89.22 210081.6 114286.7 23.42 200.0 -90.69 0.5144 0,6379 208741.4 0.J? 80,96 190815 92.26 0,18629
63.20 -89.22 210081.6 114286.7 21.42 300,0 -90.60 0.5154 0.6383 208024.6 0.34 61.00 198.60 92.26 0.11644

63.20 -89.22 210081.6 114286.7 20.42 400.0 -90.52 0.5162 0.6386 208898.0 0.32 81,04 197.90 92.25 4.16657
63.20 -89.22 210081.6 114286.? 28.42 500.0 -90.45 0.5170 0.6389 208963.3 0.31 81.00 197.90 92.25 0.18641

VS. .50o0. PH. 90.00 0. 200.0 ON- 0.19040

1H23 P5 Vs V1NF5 T23 03 F? AS 85 VE 44 PS14 IHOP toP AN9

63.59 -88.46 210249.7 113367.5 280.44 0. -90.20 0.5139 0.6348 208692.9 0.43 81.13 198.05 92.29 0.18769
63.59 -88.48 210249.7 113367.5 28.44 100.0 -90.07 0.151 0.6353 208803.2 0.40 81.20 197.92 92.26 0.10768
63.59 -88.46 21024907 113360.5 28.44 200.0 -89.97 0.5163 0.6357 206698.0 0.37 81.25 197.82 92.27 0.18105
63.59 -88.48 210249.7 1'3367.5 28.44 300.0 -89.86 0.5172 0.6362 208982.6 0.35 61.29 197.73 92.27 0.18819
63.53 -88.48 210249.7 L,347.5 28.44 400.0 -89.80 M.91i1 0.6365 209056.6 0.33 81.34 197.65 92.16 0.10832
63.59 -38,40 210249.1 113?67.5 20.44 500.0 -89.72 0.9189 0.6366 209122.4 0.31 81.37 197.57 92.!6 0.18444

VS. 50000. H. 90.00 0- 300.0 0O. 0.19209

T1H23 fg Vs V1NF5 123 03 F? AS 85 V? M4 PS14 THOP TOP 0499

63.97 -87.77 210409.9 112483.5 28,46 0. -09.50 0.5156 0.6327 208841.1 0.44 81.41 197.73 92.30 0.18937
63.07 -87.77 210409.9 112483.5 28.9 100.0 -19.38 0.5169 0.6333 206952.2 0.41 81.47 197.61 92.29 0.18956
63.97 -87.17 210409.9 112413.5 20.46 200.0 -89.27 0.5180 0.6337 209048.6 0.38 81.53 197o50 9V.28 0.18973
63.9? -87,77 210409.9 112463.5 28.46 300.0 -89.18 O.$190 0.6341 209133.0 0.36 81.58 197.41 92.28 0.18988
63.97 -87.7? 210409.9 112483.5 20.46 400.0 -89.10 0.1199 0.6345 209207.6 0.34 81.62 197.33 92.27 0.190q1
63.9? -87.77 210409.9 112483.5 28.46 500.0 -69.02 0.5207 0.6.1.8 209273.9 0.32 81.65 197.29 92.27 0.19(12

Vs. S00o.0. PH- 90.00 0. 400.0 am. 0.19372

7TH23 ps Vs VI345 T23 03 F? A5 85 VY H4 PSI4 THOP TOP 049

""64.34 -7.08 210562.9 111632.? 28.48 0. -88,03 0.5172 0.6308 208982.4 0,44 81.88 197,43 92.31 0.19098"64.94 -87.08 210542,9 111632.7 28.48 100.0 -63.71 0.5165 0.6313 209094.3 0,41 81.74 197.31 92.30 010117
64.34 -87.08 210562.9 111632.7 28.48 200.0 -88.60 0.5197 0.6$18 209191.4 0.39 01.80 197.20 92,29 0.19134
64.34 -87.08 210562.9 111632.7 28.48 300.0 -88.51 0.5207 0.6322 209276.4 0,36 81.05 197.10 q2.28 0.19149
64.34 -87.00 210562.9 111632.7 20.48 400.0 -08.42 C.5216 0.6326 209351.5 0.34 81U09 197.02 92.28 0.1916f
64.34 -67.08 210562.9 111632.7 28.58 500.0 -88.35 0.5224 0.6530 209418.4 0.32 81.93 196.95 92.28 0.1917S

Vs. 50000. PH- 90.00 0. 500.0 QH, 0.19528

H423 F$ Vs V 5NFS 123 03 F7 AS ES V7 944 P514 THOP lOP 0Q9

64.69 -86.42 210709.0 110813.1 28.50 0. -18.19 0MI168 0.6289 209117.0 0.45 81.94 IS7.14 92.32 9.19255
64.69 -86.42 210709.0 110013.1 28.50 100.0 -C8.06 0.5201 0.6295 209229.7 0.42 82.01 197,01 92.31 ^.192?t
64.69 -66.42 210709.0 110313.1 21.50 200.0 -97.93 0.9213 0.0300 209327.5 0.39 82.06 196.91 92.10 0.19239
64.69 -86.03 210709.0 110613.1 28.50 300.0 -, .16 0,5223 0.6304 209413.2 0.37 92.11 196.01 92.29 6.19394
64.69 -86.42 210709.0 110813.1 28.50 400.0 -1.1?7 0.5292 0.6308 209481.8 00.5 82.15 1068.3 02.29 0,19317
64,69 -86.42 210709.0 110813.1 28.50 500.0 -87,70 0.5240 0.6312 209556.2 0.93 02.19 196.65 92.28 0.19329
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P graIt A

5405 0@6*4000 67-012#LT MYEAWFITSK
SsI.'O3 MAP

SI5FTC MAIN M94/2,XRTROOECK
C DOUBLE ASSIST AT VENUS

TIME(A.OE.T).(2.*ATANISQRTIC l.-ElifC1.4E))*TANCTOR/2.1))EOS"tTt1.-
IE*02)@SINITftý/I(.E*COSCTOR)2 )ISORT((A003)/G)/86600.

READISsE )GCS.OCP1,CCP2.9P1 ,9P2.VPE .VP2.RADPE .RAOP*
I ORMAT(5EEO.0/4E10.O)I

C DIMENSION FOR ONE GREATER THAN REOUIRED
DIMENSION V6C162),PH(162910),P01162,TO).V01162,1O),A1162,1O1,AD(16

DIMENSION DZ(25):E4(25),XN4DEG(25).PS140123),V4123),P3425).AS(23)
1.A5AU(25).E5(23) .QM423 .)THTOTCR25 ,TIHOP125I

C YOME MUST BE GREATER THAN ESCAPE VEL - 30700 PT/SEC POR EARTH

P1.3.14159I

L2-21
W.
TAUP2s2.*PI@SOAT (9P2*03/GCS) /966t,'O.

C CALCULATION OfP EPARTURE 0981T3
DO 2 I"1.h
VIMFP1If)~SORT CyVBI2.0*2-2**GCPI/RADPE)
PHI 1.11.906
DO 3 J-10N
P)IR*PHI I..)*R
IFCVINPPECI)O@02-IVPI*COSCPHR))'I2124,24,23

24 J1It).J-1
00 TO 29

23 TANETF.VPI'COS fPHR)/CSQAT 4VINFPP(1C)*2-tVPE'CO$ iPMR11*0211
JtI(ImNJ
ETC I*J)-(PI-ATAN(TANETP2)/R
ACItJ)NP112*-ETC I*J)*R*PtCR
AD(I9J1.ACIoJ)/R
II'(PHC oI J-90 11'9,20*19

20 VOC I J) .VPI-VINFP I(I1
GO to 21

19 VOCI.J)oVINFPP1I)*SIN (ACIJ)I/COS CPHRI
21 RPVO.1P1@CVOCI9J)'*f2/GCS

TAKFO-RPV02COS (PHR)*StN CPHRI/CI*-RPVC'SIN IPHR10*21
FOt I.J).tATAN ITANFOI-PI)/ft
PHCIoJ41'-PHtt.J-2.

3 COOTINUE
29 V8tI+I1-VS(l)I4OO0.

2 CONTINUE
WR ITEC 6,4)

4 FOA)CAT(IH1,3OXs21HEARTH DEPARTUPE ORBIT)

00 6 tell"
1 J1,JWRITEE6pS) VBt I) VINPP1I I),(PH(I IJ) ,POIt hi)VO(tJI.JAD)IsI) sETCIsJ)

5 POANATIHA,23XSHVB-..P10.0.SX,7HVINFPIP.,PO.0/17X,2HPHEBX.2HP(.,1
18X,2HVO.16X.1HA.19A.2HET// (5P20.21)

6 CONTINUE
C CALCULATION OF PRtE-ASSIST ELLIPSE

DO 13 I.1.M
J2mJItII
DO 13 J-1,J2

OA;mRP1/t2.-RPl*tVOtIJI@'21/GCSI
A1AUsAW/92901000.'3280oI
EIRSOICT CCtiRPEOCVOIIJI*'21/GCS-l.)*SIN (PHfIIJ1*R11**2+C05 IPHIl,

IJ191'*021

RtPERI;Al~t 1.-El)IFIRPERE-RP21 13,13.16
16 WRITE46#17)
17 PORMAT(1HA931HVB INSUFFICIENT TO INTERCEPT P21

0O TO IS
19 VIOSGAT CGCSOI2./RP2-1./AEI1

SPHI1.SQQT ((A1OO2)*C1.-ElI*2)/tRP2
4
12,oA1-R9't2)))

CPHI4I1SORT tE.-SPtII10021
TANF.t-RP2OIVE**RI/GCSI@CPHII*SPHIE/(E.-(P2Oti'!E2)/6CS)*SpI4I1O*2
1)
IPITANPE)40*4O.I I

40 PINATAITYANFEIl/R

41lw1ATAN ITAKFE)-PI)/A
42 THTEZa1-V-O I *Jl

TIN12.TINECA1,GCSEEFE)-TIM4EIAI.GCSEE.P*tI#JlI
C CALCULATIOft Of HYPERBOLIC PASS TRAJECTORY-FIRST PASS

VIN~m M T CVEOOZ+VPA*02-2**V1OVP2*SPHII)
A2mGCPZ/fVINPOOZI

10 C2wuCRAVPRZ+D4&0#27.A2)/A2
CXNU*ATANMCESSORfTIE2#2-.1d

IF4VP2-VE*SPHIEI1*7o9
7 WRITEI6sIA)

14 FONMAT1EHA#2fiWiP2mVE@SPHtl FOR THIS CASE)
60 T0 is

8 TAKKP14--V1*CPHII11509? IVINVflZ-tV1*CPHIE)**2I
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44 PSI-ATA~q(TANIIPII-2.*Xfu+PI Program 4 (Conatd.)
GO TO 30

9 TAXKHPIA.1CPHI 1/SORT fVIX?4i-(V19CPHI12 "21
43 PS3.ATAN , TAKRPHI-2*'XNU
50 P51000 *PS1/R

Ci .IS:MT(V iI42.VIXTI*2-2.*VP2*VINFfCOS MPill:
CP VIS.VMSIM (PSI 3V2

SPIIIS-SOT 41.-CPNIS"21
RPVS.RP2*i V2 **21 /6CS
TANPi.RIWV3'CPIHIS0SPH13/4 1.4PVSOSPNIS30OZ

45 FS. *(ATANITAM'SII/R
60 TO 47

46 F3 .(ATAN (TANFS)-PIIUR
47 AS -1RP21f2~.-RPV3lf

AA -AV .4192901000.95280*1
ES -SW',(RvSsn~.i.~n'i
AP3.A3*t1.41S)
IF(AP-RP212X6#213.215

216 WRITE(69217)
217 FORNAT(HA.S0t4HAPHELION TOO SMALL FOR SECOND PASS)

GO TO is
215 ON-.MO(1.-E31

T2P.-TIIIE(AS.GC3*E39FS)
T.T2P*TIM1Z
TAUP-2.*PIOSGRTIA3OISIGCS)/44400.
00 200 PIP1.1,5
100 200 1(IP1*19
IFIABSIPLOAT(NSP)'TAUP-PLOATINPXIOTAUPZI-.1)201.200,iOO

200 CONTINUE

202 W*ITE(6*20Sl8IlftI)PH1IJ)
203 FORi4ATlIHA#3X&-ZflO MORE TRAJECTORIES FOR Y8.,1O.1.iX,7I(4AND PH-.

XF6..2p2)(9HSI.LOW 5000 Nil
6O TO is

C CALCIMATION or SECOND ASS1ST TRAJECTORY
201 VINF3.S0AT(VI'

0
2,VP2'Oi-2.0V2OVPi*SPI4I3l

A4aGCPZ/VINP)002
02111.0.
00 212 KZ-191.2
E4102)*(RAOP2*02(K2 l*6010.27*A4)/A4
XKUV4.ATANII./S0W4T(EI(K2IO02-1.2)
XR4DEO(K2)'XftU4/R
IPIVPZ-V2*SPHIS) 206,203,204

206 TAPNP4.-V2OCPt4IS/SQRT(VIKFS0*i2(VitCP"13If0i)

PZ14.ATANI TANMP~ 3-2 .*XHU4,PI
GO To 200

205 VRIYE(6*2071
207 FORNATlI1HAv6HVPZftV2*5PHI3 FOR THIS CASE)

d0 To 212
204 TIANNP4- V20CPNI)/SORT(VINF3'42-(VPOCPHt3)*00i

P5314.ATANI TARNP41-20)(RU4
20a P314D0lK2l-P3I4/R

V41KZIO SON T(VP2iO*2VIMPS@'i2.'VPi'VINF3'CO3IPSII) 3
RPV4.RP20IV~tKi1*'b2 3/C6
IFIRPV4-2.1219#2i22,ii

222 L.K241
00 TO 223

219 CPHIS.VINFIO5INIPS14/V4Kil
SPHIl5S-3OT,'1-C~FHI5042
TANF5-RPV4'-ZPHIS*SPHIO/III.-RPV4'SPfIS"92)
IF03P1415,27#92826Si

Si? FS(XZI.IATANITAXFSl+PIl/ft
GO TO III

928 IFITAIIP51O9921O*210
20f FS1Ki).(ATAN(TAIIPSl/R

00 TO 211
210 F5IKi).IATAN(TAMFSI-PIl/R
211 A5(K23..RP2/(2*-RP1JA

ASAU(02).ASIKZI/(92901000.0$iIO.)
ESEKZI)SORTC CIRDV4-.1dOSPHISIO9i4CPHISBO2)I
OtI21K21.ASAUCK210(1-ESIK211
1FPS1P51429.S0.S04

529 THT01(Ki3 THT12-FSIK2),S60*
*TIM0P(K2).TIM12,PLOAT(NSPI*TAUP-TlN!IAS(FKi),GCSESIK23,F~tK23 34TAAJ
Ip
00 TO 22%

S30 THITIMt23THT1244UIt)
TIMOP(K2)STtINZi$FLOATIWZP)TAUP-TINE(A5(K2) ,CSESlkIK *FStK2)I

2253 OiK2Ili1.OI(K2l+IOOO0.
212 CONTINUE

12,TFSAAESViICNUDEG.PSIDSGTAUPONIDiIK~lI VINFSV4IKi),XN340(6
2KilT'5I46(12)sPS(023.THIOTIKZ) ,TINOP'022,ASAU(K2lES(1C2),oNhiK2),
3K2*L@LZ)

M1 FORNAT(IMASRSHVO..Fl0.1.SXSHP1I..710.iSX.6HOOCAI*,?6.2,SXIHTAU

21111,6X2,HV1,6X.tlhTli ,SKHT.SX,2HF5.61,21A5S1,2H15,60,2HyS,7#X.1HN
S,7X,511P51,4X,4HTAUP.4X,2HrA/,iPO*i,2f?.RF1O.1,iF?.1,fS.2,2F7.4,FI
40.1,f$2F6if?.1,P6.S/I/SXSHOOCAZ.SXeSHVINS,7ZXitIVSS~t214,62,411p
$814#61I,2il7S,61,5NTHOT.3XP5HTIMOPSX,2HAS,0Xo2HES,6XslI04//(P9.0,

00 TO t0
11 CONTINUE

STOP

$DATA
4#0t50821 1.4077916 1.1488116 445052111 3.54809111
9.1751904 191493905 240902107 2.001510?
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GA,/AB/6 7-4

Program 4 Output
ve. P1CC1.. PCOC .6 14S.00 TAU02- 224.Z 5 "PI. 5 NsP. S

TH12 ý1 At El V1 712 T A• A) E3 V3 ff PSI TAUP am

42.46 -137.54 0.6276 C.5933 105811.0 54.4 "0.5 -152.6' 0.5287 0.6603 91367.9 6.14 52.64 140.3 0.17960

CCCA2 V9K03 V9 M4 PS14 FS TIHTOT 71908 £b 95 0112

0. 67782.7 7647c..3 6.38 39.88 -163.53% 205.99 1211.0 0.460 0.7303 0.12527
1iC0..3 67132.? 79594.3 5.02 42.60 -161.62 204.08 1212.9 0.4757 0G.163 0.13415
0OM0.00 67782.7 8164C.1 4.14 44.37 -160.28 202.74 1212.6 0.4937 041,69 C.14175"3000.00 67702.7 83082.0 1.52 45.60 -159.30 201.76 1212.8 0.4896 0.7002 ý0.477

ica0.00 67782.7 84152.5 3.06 (6.52 -150.55 201.01 1212.8 0.4941 0.6952 0.1062
MOM0.0 67782.7 04978.3 2.71 47.22 -157.95 200.41 1212.6 0.4977 0.6912 0.1510?

A400.00 677182.7 85634.8 2.43 47.78 -157.47 199.93 1212.8 11.5006 0.6861 0.15614
1600.00 67762.7 06169.0 2.20 41.23 -157.07 199.53 1212.8 0.3030 0.6850 0.15818
M00.00 67782.7 86412.3 2.01 48.61 -156.74 199.20 1212.8 0.5051 4.6034 0.15990

9000.60 67782.7 66985.9 1.86 48.93 -156.45 198.91 1212.0 0.5068 0.616 046136
10000.00 6718.7 87305.2 1.72 49.20 -156.11 198.67 1212.8 0.5083 0.680% 0.16262
110C0.00 67702.7 67581.1 1.60 49.43 -. 55.99 196.45 1212.1 0:5096 0.6757 0:16372
12000.00 67742.7 87621.9 1.50 49.64 -155.60 198.26 1212.6 0.510S 0.6776 0,|6466
1300C0.0 67762.7 88033.9 1.41 49.12 -155.64 198.10 1212.8 0.5118 0.6766 0.16554
14000.00 87762.7 68222.1 1.33 49.97 -155.49 197.95 1212.6 0.5127 0.6756 0.16636
15000.uO 67762.7 08396,1 1.26 50.12 -153.36 197.81 1212.8 0.5135 0.6748 0.16698
16600.00 67782.7 88541.1 1.20 50.24 -155.23 197.69 1212.8 0.5143 0.6741 0.16760"Ic7c.COa 67782.7 68677.5 1.14 5C.36 -155.13 197.56 1212.8 0.5149 0.67J4 0.16816
11000.00 67712.7 89811.4 1.09 50.47 -155.03 197.46 1212.8 0.5155 0.6728 0.16867
190L0.00 67782.7 86914.3 1.04 50.56 -154.93 197.39 1212.6 0.5161 0.6723 0.16913
20000.00 677?62.7 89017.8 0.99 50.65 -154.65 197.31 1212.6 0.5166 0.6718 0.16956

VO. 51000.0 PH- 90.00 00C1. 164C,00 TA'JP2- 224.5 Np1. 2 NSP. 3

THI2 F1 X1I vI 91 11 7 3F) 63 I' V3 N PSI TAUP am

42.41 -137.54 0.6276 C.5933 103011.0 54.4 90.5 -149.16 0.5520 0.6405 95435.9 4.41 56.06 149.6 0.19843

CCC02 VIKF3 V5 N4 PSI4 FS 7ITOT TIKIP AS ES 012

10 117782:7 80430.4 6.36 43.33 -161.08 203.54 539.4 0.4769 0.7125 0.13766

1000.00 67782.7 8360C.8 5.02 46.03 -156.94 201.40 539.3 0.491? 0.6976 0.14662
2000.00 67782.7 85669.3 4.14 47.81 -157.45 199.90 539.3 0.5008 0.6879 0.15827

3010.00 67782.7 87124.0 3.32 49.04 -156.35 190.81 539.3 0.5075 0.6110 0.16190
4000.00 o7782.7 88202.2 3.06 49.96 -155.50 197.96 539.3 0.5126 0.6757 0.16622
SOCO.00 67762.7 89033.3 2.71 50.66 -154.84 197.30 539.4 0.5167 0.6717 0.16963
6000.00 67762.7 69693.2 2.43 51.22 -154.30 196.76 539.4 0.5200 0.6645 0.17238
7000.00 67762.7 90230.0 2.20 51.67 -153.85 196.31 539.4 0.5228 0.6639 0.17466
6001.00 67752.7 90675.2 -2.01 52.05 -153.46 195.94 539.4 0.5251 0.6637 0.17654
90f0.00 67702.7 91050.2 1.86 52.37 -153.16 195.62 539.4 0.5270 0.6619 0.17$20

100C0.00 67782.7 91370.6 1.72 52.64 -152.68 195.34 $39.4 0.926? 0.6603 0.17961
11000.03 67782.7 91647.3 1.0 52.57 -152.64 195.10 539.4 0.53I0 0.65"0 0.10083
12000.00 67762.7 91688.9 1.50 53.06 -152.43 194.19 539.4 0.5315 0.6576 0.10190
13000.00 67782.7 92101.5 1.41 53.26 -152.24 194.70 531.4 0.5327 0.6567 0.18255
14000.00 67782.7 92290.1 1.33 33.42 -152.06 194.54 539.4 0.5337 0.6558 0.16370
15000.00 67782.7 92456.5 1.26 53.56 -151.93 194.39 539.4 ".9347 0.6550 0.18446
16000.00 67702.7 92609.6 1.20 53.69 -151.79 194.25 539.4 .. 5355 0.6543 0.18514
17000.00 67782.7 92746.5 1.14 53.60 -151.67 194.13 331.4 0.5363 0.6536 0.16576
18000.00 67782.7 92870.6 1.09 53.91 -151.56 194.02 939.4 0.5370 0.6530 0.11633
19000.00 67782.7 92983.6 1.04 54.00 -151.46 193.92 S39.4 0.5376 0.6524 0.18605
20000.00 67782.7 93007.4 0.99 54.09 -151.36 193.82 539.4 0.5332 0.6519 0.16732

Va. 5100o.0 PH. 90.00 00C61. 4960.00 TAUP2. 224.5 "Fl- .5 NP- 7

7H12 Fl 61 El VI 712 y F3 A3 E3 V3 4 PSI TAUP f~l

42.46 -137.54 0.6276 0.3933 105611.0 54.4 90.6 -145.08 0.5760 0.6214 99436.4 2.72 59.47 160.3 0.21680

00CA2 VINF3 vs N4 PSI4 F3 7HTO TIOP AS FS 012

0. 67782.f 64302.7 6.38 46.71 -158.38 200.64 1212.8 0.4951 0.6941 0.15146
1000.00 67ld2.7 87582.2 5.02 49.43 -155.99 198.45 1212.6 0.509 0.6787 0.16372
2000.00 67762.7 89663.3 4.14 51.20 -154.32 196.78 1212.9 0.5199 0.6666 0.17226
30C0.00 67782.7 91124.1 3.32 52.43 -153.09 195.55 1712.9 0.5274 0.6615 0.17853
4000.00 67782.7 92205.5 3.06 53.34 -152.15 194.61 1212.9 0.53339 0.6562 "0.16332
50M0.00 67782.7 93038.2 2.71 54.05 -151.41 193.61 1212.9 0.5379 0.6522 0.16710
6000.00 67712.7 93699.0 2.43 54.61 -150.81 (93.26 1212.9 0.5417 0.6489 0.19015
7060.00 67762.7 94236.3 2.20 55.06 -150.31 192.77 0212.9 0.5448 0.3,463 0.192467
60CO0,0 67782.7 94681.5 2.01 55.44 -149.69 192.35 1211.0 0.54?4 0.6442 0.19478
9000.00 67762.7 95056.6 1.86 55.76 -149.53 191.99 1213.0 0.5496 0.6423 0#19653

10000.00 67762.7 95376.8 1.72 56.03 -149.22 191.68 1213.0 0.3516 0.6406 0.19811
11000.00 67752.7 95653.4 1.60 56.26 -141.96 191.42 1213.0 P.SM) 0,6395 0.19941
12000.00 67782.7 53894.5 1.50 $6.46 -146.72 191.10 1213A 6.5546 0.6363 0.20066
130C0.04. 67712.7 96107.2 1.41 36.64 -1461.51 M0909 121103 0.5561 0.6373 0.20170
14000.00 67782.7 S6295.5 1.33 56.60 -146.33 190.79 12t..0 0.5572 0.6364 0.20264
15000.01 67752.7 96463.7 1.26 56.95 -148.16 190.62 1213.0 0.9553 0.6355 0.20)47
16000.00 67782.7 96614.1 1.20 57.07 -148.01 190.47 1213.0 0.5593 0.6346 0.20423
001710.00 67782.7 96751.s 1.14 $7.19 -147.57 190.33 1213.0 0.5601 0.6342 C.20491
18000.00 67762.7 96675.2 1.09 57.29 -147575 190.21 1213.0 0.509 0.63316 0.20S53
19M0.M0 67712.7 V1980.2 1.04 57.39 -147.63 190.09 1213.0 0.561 0.633H 0.20610
20000.00 67712.7 97391.6 0.99 57.46 -147.53 1$9.99 1213.0 0,.623 0.6323 q.20662

tO 1CcE IIIAJECTC01ES FOR V6. 51000.4 £N0 PH. 90.00 BELOW 5900 NI
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GA/AE/6 7-4

Pro gram 5
JOB5 0925*7000 67-0129LT WlERSoAFIT-39

518308 MAP
$I OFTC MAINK MPI./2.KR?
C TRIPLE ASSIST AT VENUS

TIMEIAtGET2.t2,OATANISCTtI 1.-E2/l1.4E)2CTAtUT01t/2d)..EASQaTt1.-

READIS.1 GC5,OCP1,GCP2.ftPIRP2,VPIZVP2,RADI#P1RADPZ
.1 F01tKATISE1O.O/4910*0)

C DIMNESION FOR ONE GREATEF. AAN REOUIAED
DIMENSION VOt162),Pl(1Uk,102.FOl162,1O2,VOl162.10).Al262,10).Afl6
12.102 eET1162,102.V1NFPItI622 oJI 1622
DIMENSION 04t252wE6t252,XN6DEGt2.)PSI6001252,V6l252,F7(25',A7(25)
IATAUt2S2.E7t252 .0MA1252.THTO2C2S) ,TIMO2C25)

C VBtll MUST BE GREATER THAN ESCAPE VEL!-. 36700 FTISEC FOR EARTH
Vat 132.3000.
P183.*1,19
ft-P /180..

MalS

L2s21

TAUP2o22o*PIOSMTtRP20*)/GCSS /46400.
C CALCULATION OF DEPARTURE ORBITS

DO 2 Iw1.M
VINFP141I 2SORT lVOt I 0*2-2.o#CP!/RADPI)
PH1#1,1290.
DO 3 JN1.M
PHt.PHI 19J20R
IF) VINFPI(12402-IVP1OCOSIPHIR02 21224.24.23

24 J1t12.j-1
GO TO 29

23 TANETP-VP:AýCOS (PHRII(SOfT CIlNFPltI)k'.2-1%VP1COS IPHR;120'2)

ET(I9,)afPI-ATANITANETP2 2/A
Al s1.J-Pn/2@-ETt l.J2OR*PNR

IF1PHI I .J-9V4 1l9.20.19
20 V011.32-VPI-VINFP1II)I

GO TO 21a
19 VO(I#J2-V1MPPI4I)

0
51H tA13.3)I/COS 1PHR)

21 KPVO&NP1OIVO(I.J)**2t/GCS
TAMFO*RPVOOCOS IV4RIOS1N IPHI/IR/le-RPVOOSIN IPHR10021
FOtI.32)IAYAM 1TA;IFO)-PI1/R
PHIvJl .+)vPHltJI.-2*

9 C0ONTINUIE

2 CONTINUE
WRITE(694)

4 FORMATt1H1.50X921HEARTH DEPARTURE ORBIT$
Do 6 I-1,M
32-Jl~l).
WRITE(6.52 V8112 VlNFPIt I) (PH11.3) .FO1JII 3 V011.32 .A~ieJtI ~.'I1

5 FORMATIIHA.2BX.SHV8.,F1O.O.33X.THVINFP1..F1O.0/17X.2HPH.16X,22IFOýI
16X.2HVO,18X,1tiAt'19X,2HET//t5F20.2 12
6 CONTINUE

C CALCULATION OF PRE-ASS13T ELLIPSE
DO 13 Ie1.M

Do 13 J.1.32

A1-RP/1/2.-RPIOI Vet 1.J2**22GCS2
AIAUNA1/t92901000e032600@2
E1.SOAT tttRPl'1V0It1.32)/02CS-1.)*S1M tPHCll,32fi3202+C05 tpflt

NPER10.Alft 1-El)
IFlftP`9M-RP2213,13t16

16 WRITE169171
17 fORMATI1IA#3IHVB INSUFFICIENT TO INTERCEPT P21

GO TO 13
15 VZ.SQRT IGCSOI2;/ftF21./A12)

SPIIll-SORT IIAIOO2)*I1.-610022/IPP2*12.OAZ-RP2))1
CPHII*1SORT I 1.-SPHIl*Z 1I2
TANFI.1RP2*t$lOOZ21/GCS2ICPHIIOSPHIII/1-(fP2*tVI"f22/GCS2OSPIII1O'2

IFITANF1240#40@41
40 F1.ATANITANFIIIA

60 TO 42

42 TNT12arI-FOtI.J2

C CALCULATION OF HYPERBOL.IC PASS TRAJECTORY-FIRST PASS
VIMP-SORT 1V.%;:4VP2'OZ-2*WlV1VP2*SPfl12
A20CP2/11VIM!) 12i

10 E2*,IRADR2.Ohk' 4,2)'A21/A2
XNIU-ATA"Iql1./a(iYT2**2-*1.2
RNUOEGGXNU/ft
lFtVP2-y1!SP1I,'1s.7,9

7 WRI TEl~1691
14 FOftAATt12tA.WtVP2vV1c.'?fl FOR THIS CASE)

60,1013
STAN P$-V~vCPHI1/3ORT IVINF##2-tV1*CPMNI1*200
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44 ;~~tANPH-2'XtUPZ Program 5 (Contd.)
9 TAW~H.V1OCPHI 1/SQRT 1VIflF'12-(V1OCPHI1I")*2
4S PSIsATAN fTAt4PHI4-2*dXNU
SO PSIDEG *pSI/R

V2 a,3SOAT (VP20042VINFO'2-2.OVflOVINFOCOS 03SI11
CIuVIRFOSIN IPSII/VZ

3PHIvSQSRT Ile-CPH130*2)
RPV3aRP2*1'42 002)/GCS
TANF3.RtPV3SCPNI9SIPHIS/( 1.-RPVSOSPI4ISOO2)
IFITARFS145,46#46

45 FS s(ATAN1TANF3))/R
0O TO 41

46 F3 .(ATAN ITARFSP-PlU/R
47 AS o(RP2/(2*-RPVlpi

AA sAS /492901000#05280.2
E3 -SORT f((RPVS-Ie)fSP)1131**2+CPHI3OI2I

* AP3*ASO(1.,ESI
?F(APS-RP2) 2l6t2Z5t2lS

216 VNITE16#2171
217 FONNATIIHA.SX*34HAPHELIOEI TOO SMALL FOR SECOND PASS)

GO To 1s
213 O~uAAfls-E3)

12P@-? IME(ASeGCS9E3 .F3I
TsT2P+TIMI2
TAljP.2.0PI0SQRT(A3**3/GC5) /66400.
DO 200 NP11eS5
DO 200 9SPI.*9
IF(ABS(FLOATtNSP)OTAUP-FLOAT(MP1)*TAUP2)-o.122O1,2oo.2o

200 CONTINUE

IF(D-5O00, 110.10.202
202 WRITE(692031V8(II*PH(IoJ#
203 FORMATIIHA*SX#30HNO MORE TRAJECTORIES FOR VB..F1O*192X9714AND PH-

1,FS*2,2X#1SHBELOtE 5000 MV~
0O TO 13

C CALCULATION OF SECOND ASSIST TRAJECTORY
201 VIMF3.SORT(V20*24VP20I*i-2.0V2*VPasSPH131

A406CP2/VINF3*02
D20.*

310 E4 .ERADta2+02*6090.27 *A41/A4
XU4*ATAN1I*/SQRT4E4 0*2-lell
XR40EG NXPIU41R
IPI%'P2-V2*SPH131206v205s204

206 TARMP4.-V2ICPH13/SORTIVINFS*02-(VI0CPHI3)102l
PSI'.ATANt TANSP4)-2#*XtIU4.PI

00 TO 206
205 URITE-6t2071
20? FORM4ATI INA 26HVP2&v2*SPHI 3 FOR THIS CASEI

00 TO 212
204 TANP4eA V2'CPH13/SORTtVINFS'*2-4V2'CPHIS)*'2)

PSIAnATANI£TANMPA -2 .'XNU4
206 PS14DO *PSIA/R

V4 *SORTtVP2002*VIKV9*'2-2.OvP2OVINF3'COSIPS14I I
APV4A.P2@(V4 0622/GKS
IFtRPV4-2*12I9*223v2Z1

219 CP£415.VINFS'SINIPS14) V4
SPHIS*SONtT(I*-CP"I 1002)
TAJPSFSRPV4ICP"150SPHIS/( 1.-RPVAOSPH15B'2)
ir(PS14)32?,328,328

327 F5"(ATAN(TANPS)+PI1/R
G0 TO 211

328 IF(TANPS)20992109210
209 qS afATANITAIF51I/R

60 TO 211
210 F5 *(ATANCTANFSI-FII)R
211 AS *RP2/12*-RPY4)

ASAU wAS /292901000#45280*1
Es sSOATliPPV4-l.)0SPH15)"02+CPZ150#2)
0922 wASAU #(1.-ES 1
IP(P$14152905SO.S1O

529 THT@TaTHT12-FS+36O.
TIMOP sTIN12.PLOAT(NSP)0TAUP-TIKE(AS.GCSESFS).TAUP
00 TO 92S

530 TIITOT oTHT12-Fl
TINOP *TIM124PLOATINSP)'TAUP-T:IMIAS,0CSE5,FSI

521 TAUVPu2**Pl4SQRT1A5#*3/GCS12/86400@
00 300 flP20195
00 100 N3281*9
ll'1A83(FLOATINSZ )OTAUPP-PLOATINP2)0TAUP2 )-.2)S1 .300,300

Soo CONTINUE

CCAL.CULATION Of THIRD ASSIST TRAJECTORY

1P035002MA50.1020

Do $It KI2.1L2
91K(13 eRADP2,04gK2 I40601027*AS)/A6
XN2J'ATAN1II/SQRTIES(K21*02-I11I
INOE6(K210xKU6/R
IPIVPI-V4'SPHIS)306*3050.04
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306 ~ Program 5 (Cofltde)

GO TO So3
305 VR1TE(69107)
307 FORM4T(IHAv26HVP2nV4*SPHI5 FOR TH1S CASE

G0 T0 312
304 TANW64 V4*CPHI5/S0AT4VINf3O*2-;V4*CPHI32O*22

PSI6*ATAJ4ITAWW6P-22eXNU6
DOS PSI600(K)wP326/4

VG(92I.SMTIVfl*'24VINF3OO2-2.OVP2OVINF34COS(PS1622
NPV69RP20IV6(K22*02 )/GC
IF(RPV6-2*1319#l22#322

322 L*X2+I
GO TO 323

319 CPHI~eVIKF5*S1N(PS161/V6(K2)
3PI$17.SQNT(.-CPHI70*21
TANF7aRPV6OCPHITOSPH1?/(11.-RPV6OSPIII70*2
IFIPS16132*#3SO.330

329 IF(TANF7?.F29#8299309
829 F7(K2)u(XATANTAMF?)*PIl/R

G0 TO 311
330 ZIMANF71309#3259325
309 F7(K226(ATAN(TAXF7))/R

GO TO 311
325 P7fK2).(ATANfTANF7)-PIl/R

11Al(K2).ftP2M#2-APV6l
A7AU(K2ImA~tK22/(92901000.43280.)
E71K2)*SSQTt((RPV6-1.)OSPHI7)'*2#CPHI70021
QN4CK2luA7AUIK2)*(I1-E7lK2I)
IFIPSIG6229963O,6$0

629 THT02(K2)uTHT124F?(K2)+360*
TlhO2IK22sTIN12.FLOAT(NSP)*TAUP-TINEIA7(K22 .GCSE7(K22 .F71K22 I.FLO
IAT (M52)2 TAUPP+TAUPP
GO TO 323

630 TH7O2-K2).TNT12-F71K2)
Tlr-021K2)-TII412+FLOATINSPI*TAUP-TIMEIA7(K2) ,GCS#97IK2).F7(K22 I4FLO

323 X32*Tt
312 CONTINUE

WNITEI(o2132VB( I 2PH( IJ2.0.TAUP2.NP1.NSPeTHT12eF1.A1AU.E1.V1.TIN1
12.T.P3.AAE3.VZ.ENUDEG.PSIDEG.TAUP.QM9D2.VINF3eV4.XN4O(G.PS1AOG.F5
2,THTOT.TINOP,4SAUES.TAUPPgNP2.N52.0N2.1D41K2).VINF5.V41K22 .XN6DEG
32K2),PS1461K2),F?(K2),THT02(K2),TlNO2(K2),A7AUIK2),E?1K2),0N4(K22
4*K2GLL2)

211 FONNAT(1HAo5X#3HVbroFlO.1,3Xo3HPH.,p1O.2.5X,6HOOCA1.,Fe.2,3X.6HTAU
1P2dof7.1,3X.I.HNP1., I3.X,4H4NSP.,l3.'2X,4HTH12,3X,22HFX,2HA1.5Xe2

2HE1.SX.2HVI,4X.3HT12.5X.1HT,6X.2HF3.6X.2HAS3#X.2HE3.4X.2HV3.7X.1HN
3.7X,3HPSI ,4X.4IiTAUP.4X,2HON//2F6.2,2F7.~,F1O.1,2F7.1,FS.2.2F7.A.FI
4O.1.2F$e2 .F7.1.foS.///3X.3HDOCA2,SX.3HVINFS,7Xs2HV5,OXe2HN4.4X.4HP
5314.aX.2HFSoGX.3HTHTOT.3XeSHTINOP.5X.RHASt6X.2HES.AX.3HTAUPP.2X.3H
4NP2,1X,3HN32,3X.3HONZ.IýF9.2,2F11.1.&F9.2.P~od2F8o4.77.1,2I4,9.3s5
7/3X.3HOOC3.3X,3t4YZNF5.7X,2HV7.3X,2HN6.6XAHPSI6.6X92HFT,6X.3HTHTO
S2.3X.3HTlNOZSX.2HA7.4X.221E?.6X.3H0N3//IF9.O.2P11.1,4f9.2,FS.1.2F8

GO TO 10
is CONT IN1UE

STOP
END

SOATA
4.#666E21 1*4077E16 1.IASSE16 499052CII S.5*SOEII
99.7ME04 1.149SE05 2*0902E07 2.001320
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GA/AE/6 7-4
__________ Program.5 Output

VG- 45000.0 Pi~l 94".00 O----- C:l- '41'5.00 TM'P2- 224.5 11)1- . NSF. 3 •

T7112 PI Al .0T4 . .-. -*T......_3 ... _ 43_.... _ . 7..T5 .

__ _._. ____ -- __..__-__.8 ._o__ o.__ 5_ .4 .__.67_ .s.- 149.7 0.25471

4 . 0 0a S 3 5 0 . )V V 1 1 C3.TY 1 ~ 0 ' " f lr E So * Y4 O Pr r S 61 2 O . 11"-hIbIf.o l34.Y i zofb 4,96 4I;4t"-,;(9 -"1Y.b4 "'5'3.Y" o;•''a-•.( 61o1 T24.01-s- s+ 0 .19059

004 V 3.~ V 6S I.0So5F 21.44 V
1!4_. _ .-1.t6G 226.03 1676-. .4469 0.6721 0.14695

7 4122.1 5.43 30.75 -167.43 223.78 1676.3 0.4564 0.567 0.15478
75151-.T 4,73 3Z.19 -166.39 223.0% 67T6. 1 ". M_07 MC

S0M. 53393.7 71967.0 4.22 33..8 -16.09 222.44 1676.0 0.4627 0.6472 0.16324"40"0. • 3•93.7 7_621.8 .Yf-4•j -J46.o' •. -- 'T410-- I 074743-V.1T4) -
lw 77176.1 1.44 34.72 -165.19 221.S4 1675.9 0.4469 0:6409 0.14764

1473. 0;~463 0.638 *G1937"g*%. 76027.7 2,91 33.79 -16445 220.90 1675.8 0.4700 0.635 0.17085
10M 50.- 7833F. 5 2 .7 6Zl -164.29 2.. 7 1.7X06~bT 4'

.59)3.7 71694.0 
2
.52 

2  
6o. 7 -160.07 22.42 6175.7 0.4723 006331 0.17327

_ 9. . 3593 9 711. 0 . 37.416 -1).5.4 20.04 1675.7 0.4741 0.6305 0.175161 , --- 359~ ,7-- -1:49.7---2 f0--3•,r4f-- "-f6•,•- 2% 19-m -67s•, 7- 0 4741" _ 0C6-2 6 -,17S96+-

1SM0.O 53593.7 79532.5 1.99 37.63 -163.40 219.74 1675.7 0.4755 0.6284 0.17"84
14000w 53593D. 19897.4 1.,9 37.83 -163.27 219.61 a6Y0.-0.r olb7 0-T7 -- . .
17000. 53593.,? T1646.9 1.90 38.01 -163.15 219.50 1675.7 0.4767 0.6267 0.17795
16000. M)93.7 79985.0 1.72 38.18 -143.04 _2fGD39T47r.7 ".,~I W-.Z8 166_G 6

53%3.7 80107.9 1.64 36.33 -162.95 219.29 1675.7 0,077 6.6253 0.17898
-292 161W.7 0G4YS`Y'.624'l 17).

...... _AB .0fo PH* i900,0± --.. JV_ . .0.___ p!2.-. +_! . . . _1-. _ .5 NSP; 7

1 F12 1 A ... VI T12 7 3 F3 3 A 3 E V Y PSI TAUP a*

56.35 -123.65 0.6841 0.4618 111590.S 62.6 104.2 -143.29 0.5760 0.5163 99439.4 6.52 59.12 160.4 0.27957

- . 3. "'5 . .- PS34" " F5 " "THTOT TINOP -A5 '" "5 TAUPP HP2 NS2 012

"k'rT Sf937.. "89•.4..9.10 41.62 -160.469 217?04 1226.7 0.?"88-'0.6100 124.7 5 9 0.19062

0ocC "" VAFS " V?'--" N6 PS6 -- f7 THIN02 TI202 AV e7 Q3
"-- 0.7 53fSr3S.T? 6852f.4' "9.59 22.44 -171.48 227.83 2351.1 0.'398" 0.6838 0.13908

100. 53593.7 71004.5 7.64 26.35 -'169.67 226.02' 2350.5 0.4470 0.6720 0.14"S5
-37'793". £5 28.92 -168.39 '224.74 2350.1 0.4524 0.4633 0.15232

3000. 53593.7 74127.8 5.43 30.76 -167.43 223.78 2349.9 0.4566 0.0456 0.15679"4000. 53593.7 75157.0 4.75 32.13 -16644. 223.03 2349.6 0.4600 0.6514 0.16036
5000 53593.7 75973.0 4.22 33.19 -16"468 222.43 2349.7 0.4"26 0.4472 0.16326
4-000. 5593.7 76634.9 3.79 34.04 -145.'0 221.94 2349.6 0.4450 0.4435 0.16566
7000. 53593.7 77182.2 3.44 34.73 -165.19 221.54 2349.5 0.4169 0.6407 0.16767
""6-5) 9Y-- 77642. " 3.16 35.31 -1644.4 221.19 2349.5 0.4W9 0.6.t. 0.16939
9000. S3593.7 70033.9 2.91 35.10 -164.55 220.89 2349.5 0.47M 0.6364 0.17007"I---09- 539r .V,'_Y""•I".5--'70" ..610 ," " ". " "+ 3 '0.17216•|0. 53593il? V#•69.5 2.52 36.516 -164.0? 220.41 2349.4 0.4723 0.6331 0.17329

Os...... ............ ....

13000. 53593.7 7912.3"- 2*.22 37.17 -14•369 220.04 2349.4 0.47'1 0.6305'0.17519
__M. •__5359)•jp .Y G1 2.10 37:42 -163.53 219.88 2349.4 0.68T 0.4294 0.17599

11000. 53593.7 79538.9 1.99 37.04 -163.39 209.74 2349.3 0.4715 0.6424 0Ert71
.8000. 53591.7 - 79?03.8 1.19 37.14 -163.26 219.61 2M49.3 0.4762 0.4273 0.17736

I000 53593.7 7T953"3 1.40 38.02 -. 6.3.15 219.49 2349.3 0.4767 0;6267 0.17794
SA5O9. t?5.). 7 799897.4 1072 3S.19 -148.04 219.39 2349.3 0.4772 0.6260 0.17850

19000. 53593.7 " Y13;79-. "1".6 4 31.34 -16W.94 219.29 2349.3 0.4777 0.6253 0.17900
_.....J99•.. ... 3J7).3. 8.0328.4. 5? 38.4? -162.85 219.20 2349.3 0.4782 0.6247 0.17946

V6. 45000.0 PH- M0.00 O00A1 3415.40 TAUP2. 224.5 M-Il 3 NSPF 4

TH12 Fl A1 -e1 Vt v 12 T P3 A3 E3 V3 k psi TAUP ON

"54.35 -f23.65 0.641670.*4618 11.30.5 62.6 104.1 -139.64 0.5970 0.5024 102057.0 5.12 62.62 168.3 0.29706

00Ca2 INF3 VS 64 PS14 * FS ?H.70T AsNOP ES 05 TUP NP 62 oN2

14q.00 )53.93..? 85961.1 9.,6. 44.11 -158.84 115.18 777.6 0.4941 0.5979 1214. 4 7 0.20024

GCCA3 VINF5 4 ..7 6. PSI6 F7 71T72 71T02 AT 7 I.? 3.

0. $3593.7 700714 . 9.59 .240.1 -4
17

00
3

S. 274.70 1677.1 0.44"2 0:676C 0.14370
1000. 53593.7 72725.9 "7.64 26.83 -14.#44 224.79 1676.5 0.4522 0.6643 0.,5210
2000:. 53593.7. 74414.4 6t35 31.41 -167,08 223.42 1875.2 0.4512 0.4542 0.15847
3000. 53593.'7 76013.47" 5.43 33.24 -144.04 222.40 1676.1 0.4629 0.4470 0.16140
4000. 53593 7 77087.2 4.75 34.61 -165.0 221.61 1475.9 0.4446 0.4414 0.16732
5000. 53593.7 "7'935 -'6",;a-"35;" 4 6 C.'EW4"220.9'T 1675.9 0.4496"0*6369' V.17050'
6000:. 53593? 78622.4 3.79 36.52 -1 10 2S0 164 75.8 0.4721 0.6333 0.17313
7000. 53593.7 79169.2-- 3f;47 37,11 -44W63,4 220.01 1675.8 0.4742 "0,4301 '07333
8000:. 53591.7 79644.7 3.16 37.79 -143029 219.64 1675.7 0,4760 0.4277 0dT)2|
9000. 53%93,? 80069.3 2.91, 30.2' -162.98 219.32 1675.7 0.4775 '0*.625 5 .T882

10000. 53593.1 @0417.7 2.70 38.70 -16270g 219.05 1675.7 0.4789 0.4234 0.10023
11000. 53593.7 80720.4 2.52 39.06 -142.44 218.61 1475.7 0.4801 0.6220 0.11144
12000. 53593.7 80984.8 t2.3 39.3# -162425t 218.60 1675.6 0.4811 0,6205 0.18255
I3000. 53593.7 81222.2 2.22 39.46 -162.06 21461 1675.6 0.48M0 0.4193 0,18552
14000. 53593.7 11431.9 2.10 39.91 -141.69 210.24 1475.6 0,4NA9 0.6181 0.16440
15000. 531593.7 1619.9 1.99 40.13 -161.74 218.09 1675.6 0.4036 0.6171 0.11514
16000. 53593.7 81789.4 1.69 40.33 -161.40 217.95 1675.6 0.4843 0.4141 0,18589
1T 7000. 53593.7 8194.1 1.80 40.51 -141,1 217.82 1675.6 0.449' 0.4153 0.1i444
18000. 53593.7 82013.0 1.72 40.67 -161.4 217.71 1675.6 0.4855 0.6145 0.14713
19000. 5359J3. 82210.8 1.64 40.02 -161.26 217.60 167%.6 0.4040 0.6138 0.14767
209•. 53593,7 82328.2 1.57 40.91 -161.16 27,.51 1675.6 0.465 0.6132 0.18817

NO 4042 TLAJECT081S F508 VIO 45000.0 MA PH- ".900 &ELON S000 Ni
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CA/Afl/6 7-4

JOB 0909000 67-012*LT MYERS.A~kT-S

SISFIC MAIM M9412#xR7

C VENUS CATEWOY I OUT-OF-ECLIPTIC TRAJECTORIES
TIM CAtGGEtTluI2.OATAN(SOftT(41eE)/(.*+E~)OTANIT6R/2.)1-E6SQRTI1.-

1E*02)*SSIITGR)/(1.,EOCOSCT*Rl)I)OSORT((Ao*S)/G)/8640O.
REAOISIIGCS,$CPIGCP2,RPIRP2.VPI.VP2,RADP1,RACP2,RNO

I FORMATISEIO.M910*O)
OIMENSIO01 DI25h4E2(251,XNU(25),VIMFOXI23IVINFOY(25).VINFOZ(251,DX

1125) .DY(25) ,0Zi2S3.V2X425) .V2Y125),V2Z(25) .V2(25).PH14325).X12125).
2F31251,R3AU(25)*E3E25).TOP(253 tOME25)

Ve"3S000.
P1.3.14159
R*PIIISO*
N-33
M-1

NS10

C DPARTURZ OT1'1ITS
DO 2 I.e.I4
VIMFPIoSGRTEVO*O2-2.OGCPI/RA.DP1II
P110.906
DO 3 J10".1
XI-00
00 4 X.1.L
PHOR.PMG*R
XIR.XI#x
IfI6VP1VSINtPHOR2'COS(XIR)3*O24Vhf4FP1O'2-VPI**223j8,56

5 WRITE(6*7)VBvPIIO9XI
7 FORMAT(1HAt2OX*17HA4O ESCAPE FOR VOs.F10.19714AT PHO.,F7#29611AN1W #
1F6.2)
G0 TO 31

6 V0.VPIaSli"PHOR.*COS(XIR)-SORT(IVP1OSINIPHOR4*COSIXIRIh0elVINFP1.
102-0106O21
Vox-VOOSIe110)OCOSIXIR)
VOYOVOW)'SCPIR)
YZVO45i5UMPHOR)OS1NM1XR

C PRE-ASSIST TRAJtZ2TORY
RP1VC*RPSOVO#fl2/GCS
TANFO.RP1YOCtISIPH0R)6SINtPIIOR1/I1.-RP1V06S1NIPH0R)6e2)
IMIANFOMM9.

8 FO-ATANITAt4P03/f
G0 To 10

9 FO-IATANITANFO)-P;I/k

l- U.A1/(19010D0.oo-l o:IltIH0R) lO62,CO$ItIH0R)'f'2P

PPER10AIOI 1-El)
IPIRPERI-ftP2)11911*12

12 MAITE(6#13)VSPIIO9XI
13 FORWATEUHA.IOXSHVB.,F1O.1.S6HINSUFFICI&FIT TO II4TEACCPT P2 AT P110w

1.P7*296HAND I-#F7#2)
30 TO 31

11 V1.SORTfGCSII2siRP2-1./AXIH
PH1R.ARSIIISORT(A*062*11 -E1*02)/(RP20E2.oAi-RP2)) 2)
PH1UPHINRi'
RP2VI.RP2*Vl*I2/GCS
TANFI.RP2V1*C0S(PH1R2*SIN(Pfl1Rl/fl -RLP2V1OSIN(PNI4R)O'2)

14 PlsATANITAMF1IftR
60 TO 16

15 F1U(ATANITANF1)-PI),'R
.16 THTIZ*PI-F0

THR*THTI2GR
T2M12.TIKE(A1 ,GCS.E1,P1)-TIME(AI .GCS.E1.FO)
RMXP-ftP2SINITHRIOCOSIX191
R17PAUeR1XP492901000.05260. 2
RIYP4AP2*COSITHAI
RlYPAU.RIYP0I¶92901000#452110el
R1ZPiRla.SIMTSINITI xIIRI
ft1ZPAUvRIZP/i 92901000.05210ol

29 FOA 114A .OX#211I&sP5.2tS04T00 LARG3E FOR INTE(RCEPT AT VS',Po.1,Svl
IWANO 1Hoors.!8.)
80 TO SO

C CALCUJLATION OF E MATRIX
17 ZTRut11R-PI/2.

fls.COSTAS) #9.:;i4THR)OCOSxIR I +SIM IETR KSrN(TNHi
E12ur-CO$SIETA)OSIMETHtRl0COSIXtR)431IN(ETR)0COS4THft)
E110COSOBIRMISNIXIR)
EXID-S1MMAEF) fOSI TOR t9COS(XI~tf+C0StETR0I MNS HR I
WI~SUI1Efltjg5INtTh4RIIfCSIXIR)4C08tE1P)ICOSITHN)

EY5X-v#SIf(6V0)*SINIX-IRI -SPIN-

VIaX-V144INIP14lR)921-M1OCStPHIR)E22

YVIu-V10ItIN(PHIR)'!21-V1'COStPH1I0Et3z

VIMFIS~iK190



c-A/AE/6 7-4

VIWIT-IY*VF2Program 6 C nt~

VINF .SOftTlVINVIX*#j+VI8FIY#*Z.IP(I
4
.

PSIReARCOS(-VINFIY/VINFXYI
PSIMPSIRIA
IFIV1ZIIS.1S.19 4

is ALP~uARCOS(VINFXY/V1NFI I
dO TO 20

19 ALPR*-ARCOSfVIMFXY/VINFI9
20 ALP.ALPR/R

VIRFO.VIRFS
A2.GCP2/VINFIO*2
A2PnA2/RADP2
VRJTE(69321

kIAITE(6.21 )VSPHthXIVINFPP1VOVOXVOYVOZ.VIV1XVXY.VIZTNT1IFO
1,A1AUE1,PHIR1XPIAUR1VPAUR1ZPAUTIM412,VINFI.VINFXYsPSI .ALP

21 FORMAT(IHA,45A,3hYB.,F1O.1,SX,4HPHO.,F6.1#///SXI.HIX6VIF1
12HV0,SXt3HVOX 97X .)HV0Y97Xt ltvOZ 9 7X92HVI 98X 9HVIN*.7XX#VY7X1I
2U//F?.3,3F10.1.10XAF1O.1//,4XHTHl2,SX.2HF0,6X.294A1.3X,2HE1 ,LA.S
3HPH941 ,4XHRIXP .4Xs4HRIYP.4X.4HRIZP.4X,5HTINl2,4X.5HYLNFI .4X.6WIfII
4XY#IX,3HPSI ,SXSHALP//2F$.2,ZFS.4,F~O2,3F8.4,F32.2F2P10.12F6.21
8ET0.O
DO 22 18-19MO
8ETR.BET4R

C CALCULATION OF f MATRIX
FJI1COS(BETRI4COS(PSIR9-SIN(BETR)OSIN(ALPR9OSINIPSIRI
F12.'-COS(ALPR 9*SIM(PSIR;
F13..SIN(BETR94COS(PSIR94COS(BETR9OSINIALP9I#SNINPSIRI
F21.COS(BETR)#SIN(PSIR94SIN(8ETR9OSIN(ALPR)OCOS(PSIR9
F22.COSfALPRI9 COSlF$1R9
F23.5IN(BETR9OSIN(PS1R9-COS(BETR9*N(KALP't9ECOS(PSIR)
F31--SIN(BETR 94C05(ALPR)
F32.SIN(ALPR)
F3S.COSf8ETR)*COSIALPR)

C HYPERBOLIC PASS TRAJECTORY
0(19-.0
00 23 10.1,9MD
E2(ID).(RAOP2.0( 209*6080.27.A2)/A2
XNUR.ARSINlI./E2fl093
XNU( IDI.XNURIR
VNFOX.VINFOCOS( P2/2 .-Z.OXKUR
VNFOY.-VIXFO'SIN( Pt/2*-2.*XNUR 9
VNFOZ0.O

VINFOZI ID) .Vi4POX*F31+VNFOV4F32*VNFOZOF33
02X-(A240( 109t'6000.27,RAOP29OCOSIXNUR9/RADP2
02Y=(A2+D( ID)06080.27+RADP29OSIN(XNUR)/RAOP2
021-0.
0X(I0)-D2 fF1I*4'j2Y*V1ZD2Z#FI3
DYI 109.02X*F21+D2Y'F22402Z*F2$
DZ( !09.02X*F3I+D2Y*F32+D2Z*F39
V2X( IO9VINFOX( 109
V2Y( 2D).VINFOY( 109-VP?
V2Z( 109.VINFOZ( ID)
V2(1D9.SORT(V2X( 109 *2+V2Y(ID9

4
'2+V2Z(IDO*I29

PH3R-ARCOS(V2X( 109/V2(ID9 9
PH3(10)-PH3R/R
X12( 20l.ATAN(V2Z( 1D9/V2Y(IO09$/R
RP2V2-RP2#V2(1)09602/GCS
TANFS.RP2V2'COSIPH3R9OSIN(P9IVI/(l.-RP2V2 SZN(PH1;% 302)
IFITANF312492W,5

24. F3fl09.(ATAN(TANFS9I/R
60 TO 26

25 F31ID9"(ATANIlANF39-PI)fR
26 AS.RP2" '*-RP2V29

ASAUCI, A3/f9?9O100(,,e5?#O.9
F3(109.SOtRT(1((9P2V2-1. ASIN(f'H3R99102,COS(PNiSR9**29
TOP(I ID9TZM12-TIM(EIAA3(CSE3( 109 .F3(3099
0M(ID).A3AU(I09b(I#-E~3( 1091
0(10419.09103+10000.

23 CONTINUE
WRlTE(6.2?)GET#.A2P, (D09I) XNU( ID) ,V29 109 VZX( 109 V2Y( 109 V2Z9 109.0

lX(10).0YIID).OZ( 109.TOP(1D9,PH3(109,F39109)A3AU(1D9,E39 I09.X129'09

27 FORMAT(1HA.45X.5HBETA.,F7,2,3X.3HA2.,F7.2/t/4X,4HOOCA,4X,2HNU,63X,2
1HV3*6X.3HVý1.6'X3HV3Y.6X.3HV3Z ý4,2H0Xs4X,2H0Y.4X.2H0Z.4X.339TOP.*X
2,SHPH3,SX,2IPý3,6X.2HA3,5X,2HE3,BX,2H413,BX.2H494//(F9.1,FT.2,4F9.1,3
ZF6.2.FT.1,F7.2,FS.2,2F7.4,F7.3,F8.59 9
BET.BET+10.

22 CONI (HUE
XI.XI+el

4 CONTINUE
30 PHOsPHO-2e
3 CONTINUE

31 VONVB+1000.
2 CONTINUE
STOP
END

$DATA
4*6869f2 1l.4077EI6 1*1'.8816 4#9052EI1 S.5480E1.I
9#7751ED4 1*1493E05 2*0902E07 2*OOISEO? 2*0200E09

tEOF

.4



GA/AE/6 7-4

0000000000.0 0*0..040*010N,04P*.-
P.A0 ~~P.O 0 P#

0000000000NNN0 NN

3- 2 4~ 4 EVE.* .9

0000000000*0 4000000ol 00000 O JOOO

W* A V% AVIV

I.N N 00.4.0 .4P .A P 0.9... .

4F 00000000000o 0000000 00000000000

* ~ - o em y P4 000 0 0 04 000 t444%0 0 0 00 4

c 0 .4 .. .. C; .....

1. 4 00 00 00 0 0000 00000; 4 0000000000

4 0 04.- .. 4 . 4 N N N NA .40 A4 .4P 40P OSO

442$ 4 a a 00PC 444444

* o & loc 00 00 004?7 04044000.000

at A .4 .0 . . 4 .444.. . .444.44.

09 4A; NN

a N0000000000
A I. . . .P P P P. I; I0 0II I0 000 - 0P

O.C 4; 4, 44 4 . 4 4. 4 . 4
1. 0. *p, 0 p.#oVo

I P.0

C, aý . m0. p.0 . .0 0 0 0 0 m00 0 0

00 N00~4w m.02 
4 A

~~w 0, 0u N 000 0 0 00 00 0000o~o -
.............. .. .. .. .. .

0:~~ ". .N i 11 14 4 4 VN0A. . N4.I.. . i4Ni P. %. .44*4. % t

'r om N
C: o ANN A

* E 0 Va44 444 0P00, owP. MN.0 004 . 0 0

* 4 44 OOOOOOQOOO.4400 4.0000 00004 .P00 .000000

U ,, * W, U* 0, 0, 0,44 4 44 . . . * 4 444. . .
*~ ~~~~ ~~~~~~~ U, C; 4 . P 0 4 0 P 04 P 4*.4..44PO 0 0 . O
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GA/I ,E/6 7-4

Program 7
1,105 09207000 67-012*LT 54YERSoAPIT-SE

SZS8FYC MAIN M94/'2907
c VENUS CATEGORY 2 OUT-OF-ECLIPTIC TRAJECTORIES

TIME(AsO.ET2.f2.'ATAN(SQRTt(1.-E)/(1.*!IIOTA,4tT*R/Z.3)-EOSORT 1.-
IE*'2)O$tN(TOR2/(1.4fOCOStT'R2IIISORTI tAIOS)/GI/SMOO,
READ(3,XIGCSOCPIOzCP2,RPItRP2,VPI.VP2,RAD#I.RAOR2,RHO

1 FORNAT(5E1OoO/5E1OoO)
DIMENSION 0125),E2(25.XNU(25),VIMFOX(25),VlMPO'r(251.VIMFOZ(23),DX

11251u0Y(2123),ZI25)V2X(25).V2Y(25).V2Z1252,VZ252SIPn3123,.X12(25),
2F3125).ASAUI25I.E3(25).TOP(2S) .06123)
V503100000
P1.3*14259
R-01/1800
M03S
Mal

NO-11
R12"RPI/RP2
A-(I*-RI12)61.4R212

C DEPARTURE ORBITS
00 2 I1,1M
VINFP1.SORTCVBO*2-2.*O(P1.'RADP1 2
PHO*900
0O S J-1th
PHOR'PHO*R
E1.SORT(A"02+61.-SIN(PHORI**2)'t 1.+2,*A) )/SIN(PHORI

40 A1-RPI4SIN(PHOR)iStIN(PHOR)-SORT(EXO'24SINIPHOR)0*2-1.))/(1.-E1"02
1)
Va-SORT IOCS#12./RPI-1./Al))
VEL.IVOI*24VP1**2-VINFPICO2,112.*VPICVO*SiMIPHORI)
IFCABS( YELI-191 42,42,30

42 AIAU.Al/192901000e*3230. I
XZR.ARCOStIVO0I24VPl*O2-VIflFP1I*22/I2.*VPlOVO'SlIPH0RI II
XI.XIR/R

102 VOX.VOOSINIPH0R)*C0SIXIRI
VOY-VO*COS(PHOR)
VOZ;V045I1)PHOR)*SINCXIR)

C PRE-ASSIST TRAJECTORY
RPlVO.RP1'VO#*2/OCS
TANFO.RtP1VOOCOSEPHOR)OSIN(PIIOR) /6 1-RP1V8OSIN1PHOR*O#2)
IFITANFO14*9.9

S FO.ATAN(TAIIFOIIR
00 TO 11

9 FO.iATANITAMFO)-Pl)/R
11 V1.SOAT(OCS#(2*/RP2-I#/AII)

PHIR.ARSIN(SORTAIA120011.-E1'62)/6RP2'62.'A1-RP2))2)
PHI. PH1R/R
RP2V1.RPZOV1*02/GCS
TANF1.RP2V1*COSIPN1R)OS!NIP)11R2/(1.-RP2V1'SINIPH1R)*02)
tf(TANF11)14s14.1

14 F1 'ATANITANFI)/k
00 TO 16

15 $I.IATANUTANFl)-PI1/R
16 Fl--Fl

PHIR.PI-PHIR
PHI.'PM1RIR
THTIZ.F1-FO

34 THR*THTIZOR
TIM12.TIME(A1,GCS.E1.fl)-TIME(A.oGCSF1,F0I
ft1XP.-RP2*SIN(THR)*COS(XIR1
R1XPAUNR1XPI(tZ901000.65280. I
RIYP-RP2oCOS(7HR I
RIYPAURIYPI(92901000.@5260.1
R1ZPwNP2151N(THR)*SIN(XIR)
R1ZPAU.R12/192901000.'5280.1
IFIR1ZP-RHOI17,25,28

28 VRITE(6o29)XI.VOPHO
,79 FORMATIIHA.1OX.2H1-,tS.2,S0t4TOO LARGE FOR INTERCEPT AT V8.,FIO~l98

IHANO PI4Oefo*21
4O TO S0

C CALCULATION OF E MATRIX
17 ETR.THR-PI/2.

EI1.COS(ETRIOCOS(THRIOCOSIIIR)+SINt(ETR)OSII(THRI
E12.-CO3(ETRIOSIN(THRI'COSIXIR.43I~tETftl'COSITHR)
EIS*COSEtlRi*StNtXIR)
E21.-SIN(ETR)@COS(THR)'C(ISIXIRI4COS(ETR)'SINITHRI
E22.SlNIETRIISIN(THRIOCOSIXIR).COSIEIN)OCOSITHI4R
EZS.-SINIERnOSN%(XIft)
t~le-COSITHAIOSINIXIRI
E320SIN(TIINIOSIM(IRI
1SS.COSIXIR)
VlX.-V1.SIrIPHIR).EI1-V1'COSIPHlR).E12
VY1Y-5lSIOSI(PHIN)EEZ1-V14COSCPH1R)0E22

VINPIXOVIX
VSNFIY.V1'V*VP2

V MP.OSOATIVINPIX"02,VtNFIY@02*VSNFIZ*02)
VIMFXY*SGRTVIKFIXO*2*VINFIY*22)
IVIVINFIyl80sousooso1

$00 PSIR.O*
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801 0030 Program 7 (Contd.)
01PSI. 80

002 IFlV1Z)18218019
18 ALPR ARC03(VINFXY/VINFII

00 TO 20
19 ALPR;:A COSIVIMFXY/V*%Ftt
20 ALP-ALPR/R

VNFONVII(Ft
A2;!CP2/VINFZO*2
A2PuA /RADP2
IIRITE(6#32)

32 FORMATI1HA:!X 0H@*Be+OOOeý!*O4OeR!tOOe

bRITE(6.21)VY8,PHOXI ,VIRPIVO.VOX.VOY.VCZVI .V1XV1Y.V1Z.lTIt2,FO
1 .A1AU.ElePX1 ,I1XPAURIYPAUR1ZPAUTIN12.VZNFZVIHFXY.PStALP

21 F0RMATI!HA;,X;1HV B..F10.1,X.AHPH0.,f6,1I/i3X1HI,5X,96HVIIMFP1,6X#
I2HVO.CXSH OX9 X93HVYs7X.SHV0Z,1TX.2HVIRX.SMV1Xe7X.SKVY1Y7X.SNV1
2Z//F7;3:SF10.1oo , 1OwF1O.1///2X.o4147HlZ.Xe2HfO.6Xs2HAl.6X,2H!1.6X.S
IMPHI I tX 4HRIXP,IsXf4MRlYPAX94H 1ZP AX,9HUlM12,&X.3HVINF1 *X,6NVINP
4XY.BXIHPSI ,SXo3nALP/,2F6.2,2F$.4# 8*2%3F8.49Fa*3.2F10,1,2Pa.2I
"BET.*O.,

00 22 0B1.M
BE TR ET BR

CCALCULATIONI OF F MATRIX
F11.CO5IBETR)OCOS(P31R)-SIIEIBETR)OSIN(ALPR)OSIM(PSZRI
F13.S!N(0ETR)#COSIPS1R),COS(BETR)'SIN(ALPft)OS2N(P6IRI
F21.COS(BETR)ISIN(P$IRI.SIN(BETR)BICSIEALPR)CCOSIPSIRI
F22.COS(ALPRI*COS(PSIR)
F23.SZNIE BER) I * N PS lill-COSI BETRI OSINIALPR)I COSIPS R I
F31.-SINtBETR I*COSIALPR I
F32.'SIX(ALPRI
F;33COSI(BETR!:(0OS(AL;R)

C HYPERBOLIC PASS TAJECTORY
0 11)"00
00 23 10-1,1XD

,E2 10).(RACP24.0( IDI6060.27+A2)IA2
'XNUR.ARSIHNI1./E2 ID)I
X14U1 0).XNUR/R
VIEPOX-YIHIFO#COStP I/2.-2.#KNUR)
V'iFOY.-VINFO*SIN(PI /2.-2.bXPIURI
VNFO 2.0.
VINFOX(IDZC)VNFOXOF11*VNFOY*F124VNFOZBP1S
VINFOYC IC) VNFOXEF21.VNFOY.1F22*VXFOZOF23

VINFOZI 10) .VNFOXOF31+VNFOY SF) 4VMFOZFSFIC2X.1A2+D 01*0l2+A 2) SXtRlAP
D2Y.(A2+C(IDZC)6080.27+RACP2)OSINIXNUR~iRAbP2
D2Z.O.
CXI IC).C2X*F11+02Y~PF2*C2Z*F13
DYE ID).D2X4F21+O21*F22+O2Z*F23v
CUZ10).C2X*FSI+D2Y*F*S2+02ZOF33
V2X( ZC)aVZNFOX( 10)
V2Y( 20).V1NFOY(IDII-VP2
V2Z( IC).VINFOZI ID
V21 I0I.SOA(V2XE IC)'*2.V2Y1 DIC*@2*V2Z1 101#021
PH3R.ARCOS1V2XI IDI/V2(ICII
P113 11 I.Pt3R/R
X12(1ID)ATAN(V2ZI ID)/V2Y(IDII/R
RP2V2.R92#V21 IC) "2/GC5
TANFS.RP2Y2'C0S(PH3RI4S1N(PH3tU/Il.-RtP2V2'SlNtPH3R 002)
IV(TANF3124#25*25

24 F3tICI.IATAN(TANF3II/R
GO TO 26

25 F3SIV)0)ATANfTAFSI-PIIiR
26 A3*RP2/'2o-RPZVZI

A3AU( IDI.A3/(9290)ee-'-.3*2$0.
E (IC).SQRTI( 1RP2V2-l.oS*INIPHI4S))002.COSI'W)R)*02I
TOPE ICI.T11112-TINE(AS.GC3.CSI10) isF3 201)

23 CONTINUE
WRITE(6.271)ET .A2P. (CI I0IXJWI 10) V*( 20) oVIXtI I) ,VYI I01VZZ( 10) .

2*014(10) 10011.40)
2? p0EEMAT(I1IA,45X,3HSTA..p7.2,3XSHA2.,F?.2l/t*Z4K01$OCAs4X.1HNU.?TX,2

iHYS .7X,3HV3X,?X,3HV3Y.?XSWVSZ.3X.2H01oX,2IOY,4X,2HOZAX.S$TCP.4X

22 CONTINUE
30 PI4OMPRO-20
3 CONTINUE

31 YsSVs+1000.
2 CONT INUE

406160921 10407lE16 1*1401916 4.9032f11 505410M1
9 ,7751904 1.1493205 2.0902107 2#0013107 2.0200909
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IJOB6701.LT Program 8
SIJOB NAP90 7-1t YRSAI-l
8IBFTC MAIN N94/29XR7

c LAUNHC) OPPORTUNITIES FOR VENUS-ASS13TEO TRAJECTORIES
TIME(A.G.E.T)u12.OATANI$QRTtI 1.-EUI 1o4EIIOTAN(T*fil2.I)-EOSONTIZ.-

1E6*2)OSINIT@R)/Ile+E*COSIT*R)II )SORT((AS031/01/Sj400 0READ(5.1 I6CS.GCP1,OCP2,RP1,RP2.VC'tVP2,RADP1,RA0P2,RI4O
1 FORKATtSE1O*OfSE10*01
REAOfS,60)WlvW2eXL1O#XL2O9S*T6

60 FORMAT(4FI2*69F10.2#F12*21
DIMENSION TL(50)
VS.38000*
PI-3014159 -

91.33
M-4
Ls4
ITT-15

C DEPARTURE ORBITS
00 2 I1*2N
VINFP1.SGRTIVB'42-2eOGCP1/RAOP1II
P910.90.
WRITE16t321

32 OAT

00 3 J.1,N
X1.06
DO A K.1,L
PHOR.PHO*R
XIR.XIIR
IF((VP1@SIN(PHOR)*COS(X.IR) )**2+VINFP1*02-VPI'*2)95.56

5 WRITEI6s7)V8#PHOvXt
7 FORMAT(lHA920X,17H910 ESCAPE FOR VB..FIO*1v7KAT PHO.,F7#29691A91 119
1F6.2)
60 TO 32

6 VO.VP1OSINIPHOR94COSIXIR)-SORT~tVP1'SINIPfl0RI'COSIXIR)90*2*VlNFPP*
102-VP1O'2)

C PRE-ASSIST TRAJECTORY
RP1VO.RPItVOO*2/GCS
TANFO.RPIVOOCOS(PHORIOSI?4IPHOtI/I 1.-RP1VO'SIIIIP1IORIO'21
tF(TANFO)$s9,9

8 FO.ATAN(TANFOI/R
GO TO 10

9 FO- (ATAN(TANFO I-P II /f
10 A1.RP1/(29-RPIVO)

E1.SQRTIIIRP1VO-ld)*SINIPHORI )102.COS(PHONIOO2I

RPERI.AI*I 1.-Ell
IFIRPERI-RP2I 11. 11.12

12 WRITEI6.13IV8,PHO9XI
13 FORN4ATOI~IA.OX.3HVB*.F10.1.36HINSUFI'ICIENT TO INTERCEPT P2 At P910.

I.FT.Zs6HAND i.tri*21
G0 TO 31

11 V1.S0RTfGCS*(2*/RP2-1./A1I)
PH1R.ARSINISORTIAXOO2OI 1.-E1"02)/(RP2*12.'A1-RP2) ,)
PHI.PHIIR/R
RP2VI.RP2*V1*#2/GCS
TANF1.RP2V1@COS(PH1R)'SIN(P111R9/( 1.RP2V1OSIIEIPH1RIOIZI
IF(TANFi 914.14.15

14 F1.ATANITANF1)/R
6O TO 16

16 THT12PFI-FO
THR&THT12'R
TIN12.TIMEIAl.GCS.E1,f1 9-TIN4EIAI.GCS.EI.FoI
R1ZP.RP2OSINfTMR)*SINlXIRI
IFIRIZP-RH40)17.23.28

26 IERITE-6t29IX1.V8#P110
29 FORMATE1HA9;ýX92HIw*F59293OHTO0 LARGE FOR INTERCEPT AT Vestf1Oe.1.8

WHAND PH0.,F8.k%

THP-THT12-W1*TIN12
TLII1 9IXLIO-XL20*9 W2-W1 )0T0,THL)/1W2-I191
DO 50 IT-29ITT
TLfITI*TLI)*PLOATtIT171)03

50 CONTINUE
WRITEI6,51)VBPHOXITIN12,THT12.THL.TMfP,4TL(It) .ITm1,ITTI

51 FORMATI 1HA.4$X.391Y~u.710.1.291.ANPtIOu.fT2.ZX2Hle1.F6.ZU/S9X.HTIMI
122sF9e2.2X.6HTHT12S .P?.2.2X,4HTHL..F7.2.2X,4HTHP..P7.2//49Nt12NJIJL
21AN DATES#1OX91'.HCALEROAR DATESI/(60.2))
XI.CI+*.1

4 CONTINUE
30 PHO&PflO-2*

3 CONTINUE

9*77$11OA 1*1493E05 2*0901107 2.OOISEO? 2*02OOE09
e985609 o231 10181014241 539 46 *0

HEOF

196



Prograla 8 Output
VBe 49000.0 PHO= 90.00 In 0.

TIM12m 56.52 THT!2z 46.21 THL- -44.33 THPw -9,49

JULIAN DATES CALENDAR DATES

2436742.
2437326.69
2437910.59 See Ref .
2438494.53
2439078.44
2439662.38
2440246.28
2440830a22
2441414.13
2441998.03
2442581.97
2443165.88
2443749,81
2444333.71
24449l7e 6
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